


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1986-12 


Performance of digital communication 
receivers operating in the presence of white 
Gaussian nonstationary noise. 


Kim, Young Joo 


http://ndl.handle.net/10945/22028 
Copyright is reserved by the copyright owner 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist Ser Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ies) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


Le ad af ri iJ ” Reathaetie doe se Mecha po taba ltr 
t BOAR ue cian wer veh rw yy eeetnete rr 
ry itt Ei 


J tid i 
A TR te NE rece i rieteeaelceri 
eriat ie kore tae WM ee rect ad yt 78 ve ee ee Deena tien Beret ariel Celt pe lets moe 
7 af R. DL eldich oot Sh eh Te oo eS pee ed Aadalorecmsaznee Pea ea ft DRT ee ce ata te ah, wh. 
tt) re . ere rire tilt tala nye eat ae tee ery ra peers edd Riera ew oe ee BAG 08 Bel Or Mey O hr 
leery} Pe ee Cea te ehL n Creer ae roe RET Rs Po Perse Bi oy ory, by bat mesic 
as > ey iP re ot WVer aimee Meg oe ae Aipay tsa ope rept eer ee vr ey Pron yer Pik Raleccghtn eos yyy Or fs one 
a aepin he teh eee al) ieey te ee Ce by a.atieed aaa on ae ae ore meter LO he ak meres Teel 
7 a eter a" ey eb ae na. ah a: Sanaa ae, reer wk er Th rier brie wry oor te er) Lee reper aire entey 
. ee ‘Sa qtvtt « ao Ek to hae SL ets ar Loa! Hf - 
AOE iA as ro Ne mg ae oe Le patos Cy Peer ce ee my am RRR Pee Stes Lola adie Leen he peta: ahead 
+ ae Ris Reet Aaa ie rT Do oa ny CLE tet eee be che % 
ie SrA Read ae AA RT ALN (est ScSlcaat aie a atetgme ene Meee anon ns eaten a 
ae . y 
WM Ao et ent er i Pet at eek, fe igs scape ty PY Wee ae, ten ore iol DPD keanl dpe AN prertin, ereri abso: hel 
ad) ee 1 Aah her ee ae bed Jae) by PrN e 2a bs Ae eerste Cee bee pr eenihy Crleiecorortt er 
MAE BLS Ey win TH Gd ae oe Phrireren ister SRAGT RAIL N OG EMT NLT TE opeehr an Tee tr ter tla ech orsarlnir eee 
; ar 4 "3 ae Paes “ithe fj F Tre eae 
POU ne mb ; at Arty went oer an A Pea Hg See acea pe err e y Soe, igi Lotuhetea ta tank dot ei Fike be. She peerer rie be Lhe 
yates oe we bed om vin rm. Oe Og aiy aay Tn a ire atte FOE ina weirs Eee re a oe Bechler 
cs Peed? Wreee Leet ae) rH van th ee} Peers ticle ia Phot Pw ie a arate d pes, Wepre! inl ded a 
, 2 Pore eric Vi Pune TL Pretty Sa yeur Cre et oe Sarin wee ra esata , se bras cothe beriesas 9¢ Parte 
Jar a Ve Matera ars web s.ara abt Meee er ere Tee ere! tre are or ATS cee Rong ht haw Ar pA cla 
ee a gers Obs mL ey ra PP eer a er ts erry SE Lea ly Lic oe oust eran Crete) aca anre abate corte ; 
7089 or fg 8 AO LO RIM DI alaim AL ar aint Lie aarust Key eh Lan ted eee Ree TE ETT YT aaa Fg pore ay a eu b on tortie 
} A LE WCAC SE tee ets ey) er et eo Ro eae Sy sae oe Deal Keys A ae ne eh ee eesaby ios bad dah Shc danegl tind 
eS es oh a SCL eem Ce Re TaD erent erarade Rests mas Sete are, eth Ea ee tt Pirate eetargint east Toseetried teh 
a ee 0 ORAM | are Ma gits Bas fe eefat ty ey } CPt ase gies OA Lhe Whoo elo ea , 
wig as es we Let Lois Ce Pari pred ik ae a hry 4 iy “ be ia ' re dae ie a ner othe or Target ree 
Uy Lae iJ 
Ls ia te TR, oe a eaaecey orapres 


ar a a a 40) A 2 AY Bare "404 aia Ee Pid ith ee Ye to aan ii 
:. ca ‘ “ pee OS RR ed ek Pe he seh lt! 4 ringers a a en oo Abed 
ren x br Care dame As Arde te 
ary | Le Cs] iar ot lah pr eh of hia es Sh pent ones 
1d 


rear | verre ae) eam Peru seme oer Pte terra ae eer 7 Th Th] 

oe Sit a Me or reve td ABLE Ee PIL eT) oda $3 Pe er Tien ty racer ile fini oH . Ryde ube tated 
L a Li hae ie Te ae ae i Tay é Ary) r Mates yryghe oo nti, Oy, Ae ty 7 Sipe ence aR re) ste Baa : aaere co erie - pA a ap Ree ee La 
AF m ry er Netto Whe ae £ Ly “W 4s Ht fay 8 i a bike CTRL ene Fai any ae TELS oT ant | > we nh Teh rare i oth tee Bo ibe beep tal) pasv iat 
wei ee ue ace ae SST “t tA Re He iy heer ater es LS vert 7 bee i Ee 4 os i? Xt pt aieere tren ; Te AL He ab hed Ces curiae tetein 

F om | ve © : tute » 1a m 
fae ary ea hy 1 oy RN PERS hbo RS het bese tr} nr hat Seni rox tee ; ct eric heean ty ebtin ut Berea ethan AK ves RAR 
yok et an oy, Bs mee Li) eg eG 4 4 e y fama 
' ; i ' Ae oe Pa Y EG aU te ae Pre Poyen Pe au A AY oe yt creer) poteus Ne Wa ecartee sere Alar I rans he use eros Pet E ee ree D alert 6 575) Seer 
was ae a ae SDC rr DS Ree ee eT Lat eae ee Er t aaa or hes het tPA esa. 2%, Zo eS Meo a operon Satie ener at treet Pde tal 
Pare Mar tan: FA ached § pe Pe E a Aad ts ee LL BN ead A hy ota aly? Te cha Picea | abo OE ec abe atin coe PT: hae me Sm ele ap teat arte or prea 
'” ge Jn an ie aa) . bs ae) We vee Eek 4 a Loa tvs ENE ‘ervey et ear ey ater ite ort SH Mh te ba hehe or ety apo ke rs td tet Ot tel bee a 
5 ‘Fike A he i t Ae: “ren f Le a Ve “44, ' a ata! wi,’ Pena pre a 1 AAS 8 Shc oo ee ue Vbaar get Po. Te el a 1S Lard . 
Pod Pa Tod a ‘ r ar ‘ Aa Ts a vat a eer Te ike} oe hod eth Be ee? eee Settee Merete SET ed hte ae ea ete 
aH 7 mae ‘, nn ~~) ue re Arey rae rer N Or oer eee ome | eb, vw Nt Porth aie Adar ers, Viet en Be tbe | rg 8 biarhshetba Lape ~ Se si 
A " x a ft a Tat wa F ng ee ‘© ped d CoA ble Mp td Tibade afar etre ane peash, Be a er ery 5 Pa oh aim orale way Rote Al a Ap eemos a eet re errr et 
OS ge PRCA RCM TT TR RR PR ar MANN er re Sl TARTAN Ce CET a 9 a 
* ® a yee 75 are or aiantel De 
Se ae z} Cee idee \acnspr vena Tal arte 0 are eu Sana ot rn aeweite aS Nae eriton oka d ton! i Or raeatrLe peer CES 
'Rpere Pr ar ba os Pr PP Mer aon Ca Wek ay BY pith) ue a Ped ICRCaE Lh ey i Ads, Se patany pk eco ar we Gay te Seu 
IONE RU DETREI Pah reed Senta Ta Hy irdih Coy h alae pak cat i Ait SRR eat I Se ae 
, Py a Teta ae 2 hele oY “ Fy La wi 

§ 88 Sa >s0bs a ae aa attae Pea ated > RTE Yara Seutoree areiY, ate aoe ra! Pernt > Srey by Aaa A racer Splat da ie hdidne tat a hace eae 


Tae Or a ed de ) a ed Ah Oe Pe OCT TPT ta ee eee cee A eterer pra rv rr (erey en ket tees TR, Qa te Re Fee Re SO TERER ARMM. Dos 
; Ati Vila Rea padiaN be egyeres alotarelite aiorieny a oh Spe Sane SCRAPE Th POE LT a veh omar ete ten 
H im vy Sate Llane Parlier rip sara Tree Dara brute PT ave mar wees) CaP et erates rons Oe he Sen 
ag atet Py SEE ALi hoe Deets SCRIP, Parvati heres Plante tae art ee Deere Ter eat holy ar eee hy Se Ort was 

, bie Res Rec tte eet nina rhe Biron L 






. 
- 
~- 
Pa 

































































































r 





































a Pe Mori ore eT Ry Vie) et ne Oe 1 Coeur! PPO ie OT ten KEAe eS corr S cr “in 
ee Le Legs et 1.324: 9 SP © seo A : ee A ru Ps ais at oe re “us Leto ee re ret eer aed meer eek oe daheats tiled 
sy tw toaey _ Por Porat Ya | Lae As eb eat RLU teers reer bier io -anele eh pels a ee: SR taea eres ator vd ania senor 
4 “4 eerie. i * oO fof 4 se a i p fret a 

se el apie Sih a treba p ee Le Tree PAY as ono ee ae rice ra Wath ba refi beekcarektie we 





A - 
Lm Lint) a eT Py 





Fi A aa ‘ ee: ' FO vie Cree te er) tre reed 2 i%; 
oh J ee nee ¥e Ne, ae Sar 18 Care Ba er ninety [rae a) Ini }u dy PSY ag) Rae 4 +A JVs ar asalens nS pe Te Seay Atay ay fe: baler peta ee wert Mosel Te 


ve Cre any 


UP 2 eos & rw 
es are TS Py tplengats ane A NE 
A ee rn A Pe i Se mn vas Sr ever Meek ee fe 
4 bas are Y aa ke NaS he Secor yr erry we oY) 
‘ - roe 5 A cr) ‘ ; 
a ee Le I dC rh Pacagk* etsy eset Nategentiais 2 Lo a Riek 
ra a * 5 ‘<tr, Xt G tytalegasss Asteee. a. Pores Sry" = og AL ee 
y ’ Ln bea F 4p eye eta) > Vem tre tigit be te Ned 
i a) FERN’ Ss Cy te TMA aL seara Se erprart ay tee wy at r eee 7 PCRs 
Bo} oh be wa PE PE shee ge Vesey Cree re hE SOT HATA PTT NW At aseehee J 7 pu ihe Bi. Sein 4-95 er 
’ ie Po PA Se ee ve ry Pe ed os A at ere Tress Se ere] ie wide yy in ah te ret rr ute . au S eatege 8 
; Ae a a . ra ey 1) Sit ta WotAL EL: Cae pe ue i eae Poh rd ere ae sea ae eens pao SE are ete oon 
. 


yO re Bas cee, Lad ats 


ee a 
Me ya bad ude er oat a Bae OUT 





m aS anne ee * tas re A 
okie ofa a 3 EN re att a aha eres = a beet a PoC a 
SECT y Pl Reena Sore Part vs et ed eter Tr ier Sh ares Vliet, oaernar hh 
ae at yrtadhd Ese be Ae ita ptkete a pectin om: Behe c ea beers diy 
ul Aa i a i. 
aera P) res ae abv a Para oh ~ a rb ors ; 7 Maen teh bao ae ipbarh 
ee a aye co 

aa eA ri dee ooners Ly py : ayir7o 

eee POR a oh} ee rere OE neh 6 up 









































Es pap ve . a maces i eee o ee erree mh Cc 
; < ig awe A sree ea ee oP bree oe eee rt 
iter Dil Serer ea Sen 
ge! es 


Resaseba tomatic An a 


‘serrate Det vit 
Ay) 





















































a Dak ah a: eed eC he ‘i Ret 7 Sire phere he Pr aoe pb-are, 4 s 
Be OEY peeing i RUM ast wet 2s “att en ce eat) aves S 
fig Lette Se antares bien! hte LiL Seria rida aN Nae Pa ob fo Knee ork 
ae ie) ae ri : ATR alte tangs te iaternahealeag ah Vi ae ea r= hoe peg ee: th tlre be SS 
5 are ba Pee ee eT Pac hary Rp in Hi 4! rT Mg MTP i) ths mths peal 5 Seen SUL ire se hry te 43 ered Bee th a8 w+ 4 oer 
4 Lee a, H 9% “yt F + i ie! 2 , Ait Ae hehe Lane MU Rea pa hd eb yielyin br tok halen ids bere fe 
s ‘ A H 


7 eae mS pete la 8” 4 vi ek Ws 
Pe ed esate Cre Semi PEAT 
oy bhel al AP 
NOEL tC ay A ye 
Detar ea 


roe rte “45 rane am ett iok fond 

get rier ww rh ate Rie ipod, uae rie Paateh ry Ste] 
ese hoe ep tied cea las By a meek a ty Ba erccag rhe 
havi eho ery pes ek) CREP aa an fa, CP Er 


eas ad x 
Ud erate Ine re yet 
Soe so 4s HE Ae tee: 
x UJ PT en 
' te Wi ydadas ot Pe} . 
yi Ee Sodan ie Set 

ane oh a tant 2 Wt 1 SA 
r) Be ty 





Ph l-b dy iat ha 
vi ID 
Ld La inh patee! tae cee be ~~ a 4 eae by E 
sees Shoe By ratte Stee Sava ae ay rea fant ore hs ota 
hie ae Fd het ke ar tos ket ttap hte Rae oe 








atc) 
















aarere a tS ofhy Fatt dka el Doce vi dys PS ae Ee east fbb corer reins eta y, ot AS Plu 
ae Pivat Ls erate ers Gar ee Pa ere FITTS haf abed rp en ie ery an : 
Cries € ey . ; : At wk: ee rer esa Dear ate rr FS Re oe 
4 ant tea be R 











TAS St ae 


Ae aA 
bop td ee 


aa lotas ad 






bs 






Cr ie Ta 
<= yer ae” 
















y 

































i rr 
tit Fond 
a Te 
. . A ae 
tI ho reals 
Cate ar $61 Hee 
oT ATC Fare t e 
ais At Ee 
“aha fis eas 
A et a ba 
be aes th Shoes 
xi at tok ye 4 
Va ei hithtas 
ut, BS Roe 
ne Bs Tire 
oy 
be 
é 
i 
















































afia 
de 
Ass, 
Ln 
49 
a 
rs 
ar 
of ee grays EEE 
_ Po ea 4 AN: ey et ct, ¥ gl A ee 
ae at teat ted SS wear ie ei Bala feet elses hehe cee af aS 
See etait ak eee SL ets a ip HN Git fd wo an 
ad Caer he a ee Te bale eee Pe ek ra rpg ra - ee 
Ge del et AU a Sy Dd Layee eerEeer ae bag total pear elena Adis eed ee 
Ag AE? aed o Pye pS et SE ; Aa ee Oe ee a mpeg ars 
ra a 2 ry a“ at a ead 
BA BES pat Ma Shute a tS ee as iF Sho ore yr 
tah J es ee Pei eae toe Saataers: Bick ears ae 
ey A ipods aagea? Pskcbe! rep loge Sse ae re ity PEs het Od 
earl peed tick ae Fo ee hetet ot ry ae ihe 
fo Pete ot Conte ths ohgte nal ade mg 
ecu 4 4 pase aay bxgty aye Pete: fr 
sie i" z i by ri al 
ai Sites aea CS ANS gcd tte Colt at 
tr Pa on 2 NE od EES orietet om 
ot Ag? See te Per i eee Soe ey eae | Cae dh ae te 




















7 — tet c 
PO eee ee tgs Leb 




























































































o. a A niet er Ca ae ; SON 
_ Pa, ey oh +) Ne pay ap tlgl. o seis ed ae A . sp yap ata rN A, Sass nen er 
RR Oe oN aR dba spicata aie te epretiee re a pen oes ok 
Re SM AS LY ot ro ie Se Py Sieh emystre aniey rp Oe i hope whe Kita Nea ots Pe Re Le eagk at p) 
A ae ie Wek ot -) SAA ok Paak) “hee Piet) Khia oe: ret 4 on? Rdg Sealy Hig Age oph np yea rhe 
ie Ok Pea tae Perr ML re | Fadel Alc : 6g 
sera tpens ha # Se tS akg phd tall Sela ioe ge. f tee Plates dabei ete etd tees Redes Aha 
Siege a taal af Clete Te ee aeslceret oe vil rots Ftc si Bs we aos fle: eek de 
’ Es ry Aaa we ha au poe ee eee Get ak oe oe ts SS Port Leta n ger an Liekee? plage 
: tet ml tee A PS o Pi Pie i mre teat eon? Ae ere nak mc eagsat ace Pe ee eet ee ee as 
hk tele Sk wilh re a at ach a 4: i Auk et oe ty ole beh I 24 rie) eae Ay awe a ea at a oat tae “Qe eet mere et 
i wrire* 


Pea as a rt we peels OY Cet i Gok Me Mahe nt Ree MON Peat oh a) Bret aie tae at ¥ : hr-rhaeg se: 
At S LA ee Pee UT ker eee a Re er ee ot fet ot Shee ee Ge eae leah elles algae et g 
art ati 6 be as eh BS ey Bitte Scar tal La te Sep eet neat Dg tinlee ip owe e beaten Ana tet Pe 
le. Re Pa a, Re be A de it ba Oh 8s eh tied Mpg pel, vo cbeleted ae tT i 2 rene we Ppa 
ae a a VP PHASER a ae hw Sry HiD “3 prt c75 Be ire ini a ge om bai eS eee Ch ace Lica aie pS pet ac oop ene it. 
ay a Co! tk en a oD ke 2 were yes a ee xy ladeeteaes 2 fiat Opin raw "A ro 
Pk RR ROL eh ae Ae mo eee ht eke ee ena sad Spe Ry et ey db Tho ES Orr 
Le Ub eat pte i we Bs! bres da Sas id Capek po eget Pt feds apatacarets phere tate piarieg) 
erect we ee 4 EA deh eA) rag As ra re ae pi 3 MAR eR tt roe Eee OTE ed 
: 3% to : 
. we Rs kine a ee CF 7 Se “ a rere Conmeeie ee ere oiy ie Aer eT re /dapitetoade ee ek edd 
Po pay Po 4 are arw? woes AL riley dt 2 re a ee Pettis erence h elke tal SCE Lene rere he ath Hire a entok it epl fees Sa 
aa oft is re a 
pi Py : vy oth ahs 
t 














. Ce ot ee ee i tol pe sg Hh cot) Peis Neh teh I Ag pare tt Sp atlat lactated Nate 
i oe ee ‘é Ait ohy ‘arate, ao ae hart eal merle Lar Peel be ae gs | aged ee Ae Pa cecege- ahs Be crete Ce ict he 
ae ee et ee ee POF iar te ite he I OP ee erate gf RR hel: Fa hargine ae ha 4 Achat a tehtidheskl asia tted 
Pa} Pen Ke TH 7 em Cee i ek ue hag ou) Ornate wien mioesedy sey: a a Serge we Se ae kod a ale i ia | Sabet 
RACAL oh Ooch lt hye oe a i ca ad cia esy lad TO its ea eee ally {opus we Dh eer Cro r ne Picsehip Sitio Wp brkemepye e al ape gte 
b> , ' Pes Nd oe ae le lary 4 i. PED ETy Be PPR, ye BLE TT TLIO Oe 0! yer ap Pari a hibee sb etat yaa ha peng ah pe rw etd “al tal 
: H Pay EEE A ee oe Re mre RH; C1 Bh Dh ddaghl ok A A pe has kat et te ee Laon aisicas VIE Be ae wenheelas eal Gia Wy tee pe ei ath ehh wick Hi 
we % ra ae f ri i 7 5 4 F wy ee et ht SC LAY - a3 eH a a se shee Ei ok We dah ae Lab ta eee rake ae Or a i oer cea pect hey Reggae tay pon wae be 
'y ra t= Ty oye Neer hea rg why cha Lan et tik ae ee eer ap fh fa Peas aheresate ae eee ee PO figs ppp Blah aes Oe ae oe Bible i 
Lia roe hega eye ont ree i) ae pate! ape fr riaterate 5 Fgh ade de cari Co Cr Nek a ph a atl pet eeeheny i penn etapa ane neha re 
£ -y¥ a4 " A Pen . a y t Pon ak fi i 
Pe en eae Pate TE ESR LS oc Sine PE OAL slaty ep Periitont, (le Fa oes vin teas wW ITE Secor Rotate 
S Bdh ik mle p ek ie Gi Pee hwhaesotrk + z a eae AL ete st ane dati pce 
ae See a Jewry ai pe or ast ois foley BACs Py gh mpeer! TRA: past sag b> Smaps thle oad enti arene 
eh hak Pie bk 2 Ld Ld * b/ i iV 9 Tk eu a 
RE ON YT ete riety Sr oP ae rer ey et Gn enlkab poet 





































































F a a oe Ee y 7 rr ae ry BA ers - ‘ wwe as Ll See a al Ta cid Ver 
4 ar A Le MEME tole piety s eminne ae Rea earas nt pa) i i gl haath A fo Heel heh tad er ites se ee ov eee Aho 
Ce DA! ? wer FL Pe oe 8 et cy Pas AON ore PP ae Pee heel Shae Tages! tent Pe? aoe thy is i pats a ern ll 
oa ; D F ; ‘ a a es ee ee | ors 9a Fe 5 Peat gpa ae Pseehenes wee ree goats Pen kd oe Ca ¥ ea 
a AC Uz Mf P Maa ee Mash eB BRUNE A A ate en Bas Cae Epripee al en PRN OT Te CR aek ot ak ghetinak each te 
5 ae : ree yp Ry str: Re a eae A re pp a Mid ies ee UL a ol ve ak ad ih Ea ed ee oe | itt cand Leese aeons 
hin , 7 A de oA se +" Le eo ee ec Oe ok ae Bere Tee Se Le lh dali abel deed LD alii deh de of ced sats tate ge 
Y 2 ah ae ig Bi PRE oe SRE PRR Ge OR ETE pee Spon 4' a tet ha ba Lh ak ek ob hoidie thal Jk de hh eed ch ial Be Ad = Poh tall Rl yeni arene 
ca aye) Ui ibihe St Dr +o fie EOE ie prs Ae tia Oe ho Ae aid Hy at fy 5 i ae be oe oe ok ppbtaty WOVE see ae ope. 4 sh ated Preaek 
we Tet Ie pe Cyt see ae ira 51 Pw uratae pre dan aT ak . xcoeylges fey rey enrnt a YE Pte at Geek oA ipa tf oe) ore S 
, BLT RRM Rc CANS) Penny ti saa nest SF ERT isis Lae ae a Ce EN att 
Bd tj iy i ol! aay ae Lt Pah UJ ¥ ad 3 
Ly n rat Raa Seba as Dr pone ya pre Ba A ie Lp ppd, can es Patio f Petri Don pir mn BP ee ae oh il ok Oe Oe at de eo 
PL Ll Adee ah TS AA Ae SAL, SOTO So nse ested a A faye. nore fay vp heth {so pnrttgl o Let plicchie att dan bs 
a ee TP ES eT TTT FE hg ans posh ba Sia cae te) rater rid ah Paty (Me Tl fl Mal th a A dd deh nbiie hd tht 
vi se er i Oe Lene kok | Re aa aa ath oat ay had gown yr. nruat rem Orel lead oll ok Wh eh oe | bh sie phe bg 
fae *. ae ad if r a = i 2 a 7 a eB le eM Mee ee eer Ce oe wr oe Bixee fac way hale Bett: Acad Phare rere eee T eran gy bai ahaha OE 
fll pee Ps ‘ ne Lea Pe 0) SiS Sa DNL I dy ha I ely 1d ade) A Ba Be Aa dmc pc Futted tat ad ee _ rat fe ke ar ec renee tee rio eat tera e 
2 328 rey Pot) Gah a2 f POTS a | Ven > * ae Louie he a a 43 
103 eat Se SAS bet sent ig ame bp its MN Liee aise Bitrate 1 Eel a pekapel adalat at: ie 
ie bg 2 ee 1d Deh lL oe we ere 
AR. : 5 cat XA fi oe ‘ Al Masa sh aig reece had Porta aot aaa ea sete 
ie i Pu ee ¥ CORK u pie hie de PISS ear sett e fae teal Beer pepe tees 
a - { on) Pa a U ro 0 r P 0 . A i a Oa " oy 
, eee ele ew Kear rah) ues CIRM Sak CM te RG a ie Oe bc bee ok ah IR Bere apa rataol EA SLi ohh lpmriet rok bade Bas 
gy] % ar 7 ¥ , 2 e* gra? ae n Oo be tk Ma Me ee 
pte a SIO 3 SL whist igo Me) on) F oat Coa . seh Rote pits Aap a Maa sep o! EC EOD OOF FP tw Fr eS Pe Os aad 
° 72. $ 0 Sows oe peed 9% ccm | he st ¢$ ay Sree Pe el de la Sle eS enh Le tse cs 
at Ti JU he 14 ee ee 2 aoe he ere rere bareteremnn sei ret ttt ete et Mp odak ol ft me facola on he ol 
‘ = 4 i LH a Te ee Sd a? ie s sp) Fi * danced oe al We a y bk te ah ee a a 
i Bit alt oily Sr Me aw kk cre ae Ste EPI OTE PVG be OPE TE b 
C LB ts 1b OD IT 2 ear £47 yards ey ae BES a a cat eh walk Me Lt 
NA fed OS hi Onan PEP RIS MSH PII rad pasting ince phd ca dialed 
aed ree 2! bot A et OTe ee rr) =e tts 4... or wie ht Palas’ Dek Dean ae] 
ee. ra IU § I A> ele dah i STOTT eee «ie itis ech bie aera th Sots 
Cm ie Pf ¢ ais Ce A ih Se he hk I oe nn a ey kaa 
> [ ry oa : Sak ak 5 r ‘ Ports 


EA Pl lice path ch eh bid 
Bete Ale ek A i hele 
Lh th tease vata th Wiel alollae abs 

ome ieee ni 
ee he 

a ironrntarateser 


ever 
hie Pree) sean Sait eee ete nthe 
a oe . je, Pr totic 


ee 
- 7 

eS a2 Na re 

ATTN T 

CHOOL 

tie a ee eee - 

es a 
/ RAANO 
tPA 


- —— 
—=: = - ant Ni JT ae vy , 
ahd. PN A é A 
tT - : - 
EGIN LJ 























NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





THESIS 


PERFORMANCE OF DIGITAL COMMUNICATION 
RECEIVERS OPERATING 
Pieter PRESZNCE OF 

WHITE GAUSSIAN NONSTATIONARY NOISE 


DY 


Moung J00. Kim 


December 1986 


Thesis Advisor Daniel C. Bukofzer 





Approved for public release; distribution TS eueam: Cec. 


1231251 





SECURITY CLASSIFICATION OF FHIS PAGE 
REPORT DOCUMENTATION PAGE 


1a REPORT SECURITY CLASSIFICATION tb RESTRICTIVE MARKINGS 
Unclassified 


2a SECURITY CLASSIFICATION AUTHORITY } DISTRIBUTION/ AVAILABILITY OF REPORT 
Approved for public release: 
ees Dic meme S iin bimiced. 






2b DECLASSIFICATION / DOWNGRADING SCHEOULE 





3 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S) 





6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 27a NAME OF MONITORING ORGANIZATION 
(If applicable) NX 
Naval Postgraduate School 6? Naval Postgraduate School 
6< ADDRESS (City, State, and ZIP Code) 76 ADDRESS (City, State, and ZIP Code) 
Monterey, California 93943-5000 Monterey, California 93943-5000 


8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IOENTIFICATION NUMBER 


(if applicable) 





8a NAME OF FUNDING/ SPONSORING 
ORGANIZATION 








8c ADDRESS (City, State, and ZIP Code) ) 10 SOURCE OF FUNOING NUMBERS 


PROGRAM PROJECT TASK WORK UNIT 
ELEMENT NO NO NO ACCESSION NO 
11 TITLE (include Security Classification) 7 | 


PERFORMANCE OF DIGITAL COMMUNICATION RECEIVERS OPERATING 
IN THE PRESENCE OF WHITE GAUSSIAN NONSTATIONARY NOISE + 


12 PERSONAL AUTHOR(S) 
meus JOO Kim 


‘3a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month. Day) [15 PAGE COUNT 
VIaster’s thesis FROM _ TO 1986 December 76 


—_—_—-—-—= 





"6 SUPPLEMENTARY NOTATION 





18 SUBJECT TERMS (Continue on reverse if necessary and identify by dbiock number) 


AWGN , Nonstationary AWGN, Suboptimum Receiver, 
a Optimum Receiver, JSR:‘SNR 


"9 ABSTRACT (Continue on reverse if necessary and identify by block number) 





COSATI COCES 





The problem of evaluating the performance of digital communication 
receivers operating in the presence of additive white Gaussian noise 
(AWGN) and nonstationary AWGN is addressed. A specific model for the 
nonstationary AWGN is proposed and the corresponding performance of 
Bem@etelOnal digital communication receivers is derived. Additionally, 
Beceivers that are optimum (in minimum probability of error sense) for 
detecting binary signals in the presence of noise and the nonstationary 
interference, modeled is derived and its performance evaluated. Several 
examples involving Fhase Reversal Keyed modulation and Fresuerncy Shitt 


keyed modulation for various forms of the nonstationary interference are 
worked out. 


<0 DSTRISUTION/ AVAILABILITY OF ABSTRACT 121 ABSTRACT SECURITY CLASSIFICATION 
(QP NCLASSIFIEOUUNLIMITED (2) SAME aS RPT J) oric USERS Unclassified , 
"22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code) 
Daniel C. Bukofzer 408-646-2849 62 
OD FORM 1473, 94 MAR 83 APR edition may be used until exnausted SECURITY CLASSIFICATION OF THIS PAGE 


Allotner editions are obsolete 


1 


Approved for public release: distribution is unlimited. 


Performance of Digital Communication Receivers Operating 
| in the Presence of 
White Gaussian Nonstationary Noise 


by 


Young Joo Kim s 
Major, Korea Army 
B.S., Korea Military Academy, 1975 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER:OP SCIENCEIN ELECTRIGA Gee NG INGE 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1986 


PDS TINAG | 


The problem of evaluating the performance of digital communication receivers 
operating in the presence of additive white Gaussian noise (AWGN) and nonstationary 
AWGN is addressed. A specific model for the nonstationary AWGN is proposed and 
the corresponding performance of conditional digital conimunication receivers 1s 
derived. Additionally, receivers that are optimum (in nunimum probability of error 
sense) for detecting binarv signals in the presence of noise and the nonstationary 
interference modeled is derived and its performance evaluated. Several examples 
involving Phase Reversal Keved modulation and Frequency Shift keyed modulation for 


various formis of the nonstationarv interference are worked out. 
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I. INTRODUCTION 


The theory of signal detection in additive white Gaussian noise (WGN) is well 
established. Optimum structures and their performance can be found in many 
textbooks {Ref. 1: Chap. 4]. Solution of the so-called Binary Hypothesis Testing 
problem allows one to obtain an optimum structure (receiver) that is capable of 
deciding with minimum probability of error, which of two possible signals, s,(t) or 
S(t), Was transmitted over an additive white Gaussian noise (AWGN) channel. Such a 


mecelver is shown in Figure 1.1 


it 
r(t) —@-—> x @-—Y digital 
| f 7 + 


comparator 





S(t) bias ¥ 


s(t) + WGN W.p. Py 


rt) = 


Spit) a WGN W.P. Pp 


] x | a 
bias = { nok eC) | ane SO ear Sab) = Sai) 
if 


2 





iciigcwl we OtGWc Ure Of the Optimum Receiver. 


and its performance (1.e., probability of error, P,) is given by [Ref. 2: Chap. 6], 


gee Clee - E(l - 
P — Orel fee eer aie 0) (ral) 


2 J2N, Et - p) z J2N, EU - p) 


where 








p. = Probability that s(t) was transmitted, i =0,1 
Noi 2 = Power spectral density (PSD) tevel of the additive WGN 
| ‘ 
a fsa eect (1.2) 
= al, 
af = Length of the observation interval over which signals are received 
| 
Se ee ce (1.3) 
il 
p 
y = Threshold = = tn Ao. (1.4) 


er 


The erfe(x) and erf(x) functions are defined by 


| a2 
erfe(x) = f me eS? dé 
. J2n 
x 
= I 2 
Teh (nt eee es? de 
wo Van 


and A, depends on Py and p, primarily, but may also depend on costs associated with 
each decision (whether correct or incorrect). If these costs are included oll are 
assumed to be equal, and py = p,. thenA, = I. 

The design of the receiver shown in Figure 1.1 does not take into account the 
possibility that in the transmission channel, in addition to the AWGN, another source 
of interference (perhaps intentional, such as a jammer) may be present. with 
characteristics far different from the assumed AWGN interference. 

In this thesis, we analwze the performance of the receiver of Figure 1.1, when in 


addition to the AWGN, an additive nonstationary Gaussian noise is present in the 


channel. In Chapter I], this nonstationary Gaussian noise component ts described. and 
its possible generation by an intentional interferer is analvzed. In Chapter III, the 
performance of the receiver of Figure 1.1 1s analyzed taking into account the presence 
of the nonstationary interference. It is demonstrated that the resulting performance ts 
in all cases worse (i.e., higher P,) than that predicted by Equation 1.1. (This is to be 
expected, since the model that gave rise to Equation 1.1 is not optimum for any 
interference other than the AWGN). Chapter IV presents a modification to the receiver 
of Figure 1.1 that results in a structure that is optimum for the detection of binarv 
signals in AWGN and additive nonstationarv interference of the type modeled in 
Chapter II. The performance of this modifted structure is evaluated and compared with 
Geeeresults of Chapter III]. In Chapter V several examples are presented for two 
important types of signaling schemes, namely Phase Reversal Keving (PRK) and 
Frequency Shift Keying (FSK) under various assumptions about the characteristics of 
Maes miterierence. ihe derived mathematical results are used to evaluate receiver 
performance in terms of probability of error, P,, as a function of signal to noise ratio. 
and interference to signal ratio. The results are then interpreted and conclusions are 


ifaw n. 


Li 


Il. NONSTATIONARY INTERFERENCE MODEL 


As pointed out in Chapter I, the intentional interference n,{t) is modeled as a 
nonstationary Gaussian process having autocorrelation function R,. (t,t). A possible 
method for generating such a process is depicted in Figure 2.1, Where a Gaussian 
process n,(t) is multuphed by the deterministic function q(t) to produce the process 


n,(t). 





Figure 2.1 Structure for the Generation of n,(t), 


That is 

n{t) = q(t)n,(t) 
sO that 

Ra, (tc)e—" By n(t)n,(t) } = q(tq(t)Ry | (ta) 
where 

Rn, (te) =o, n(t)n,(T) \, 


Note that n.(t) is a Gaussian process since n,(t) 1s assumed to be Gaussian. If 


n,(t) is white with unit power spectral density level, then R, (t,t) = O(t-t) so that 
e O/ 


Rn, (tt) = q(tyq(t)6(t-t) = q?(td(t-t) = Q(tj6(t-7) (Zoe) 


where 
Q(t) & q7(t) 2 0. 
If n,(t) is a nonwhite process, then 
Eva (t)n(t + Ti = Rn, (tt+t) = q(t)q(tt+ ae (T): (a2) 


[mphcit in these expressions is the assumed wide sense stationarity of n,(t). 
Mesemve from Equation 2.1 and Equation 2.2, that n,(t) Is a white (colored) 


nonstationary Gaussian process when n,(t) 1s a White (colored) Gaussian process. 


Since 
( a 
<R ttt)> =ZBP ae +T)R d 
n, (HE) ne Fp Fatvale+ OR, (4) a 
-T 
= Q(DR, (0) 
mnere 
( ba 
——— v1 - soy aS 
ae en | Oat +t) dt, (2.3) 
the average power of n,(t) Is given by 
Phy = By (0) = QORy (0). (2.4) 


This expression has physical meaning only when R,, (0) is finite (1.e..n,(t} is non- 


(FQ 


white). Note that when n,(t) is White (with unit PSD lfevel), Q.(0) becomes the average 
PSD level of n,(t). 

For most the work in this thesis. it will be assumed that the interference n,{t) isa 
white nonstationary Gaussian process, with autocorrelation given by Equation 2.1. 
Several forms of q(t) used in the examples worked out in Chapter V are shown in 


Figurest.2. 


— 
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Figure 2.2 Several Examples of q(t) as a Function of Normalized Time. 


Il. RECEIVER PERFORMANCE ANALYSIS 


We now evaluate the performance of the receiver depicted in Figure 1.] when 
eye ete) aas n,(t) W.P. Py 

r(t) 
SU leg alec ieee n(t) W.P. Py 


where n{t) represents the AWGN with PSD level N)-2. and n,{t) is the white 
nonstationary Gaussian noise with autocorrelation function given by Bquationye2. lr 
Observe from Equation 3.1] that r(t) 1s a Gaussian random process, and its processing 
by the receiver of Figure 1.1 will result in G being a Gaussian random variable. 


Sisserve irom Ficure |.) that the receiver performs the test 


He) SHu cum a FU) (t)- s(t} 2 Y 

ik 
and if G > ¥ the presence of s,(t) is declared, whereas if G < y, the presence of s,(t) 
is declared. Whether S(t) or s)(t) was transmitted, G is a Gaussian random variable 


having conditional means 


] 
Hy, = E{G's,(t) Was transmitted} = os J [ She) = Sp (t) ie dt eZ) 
i 
m, = E{G/s,(t) was transmitted} = - — J [s,(t) - so(t) ce m, (3) 
T 


and conditional variances 


var{G.s(t) was transmitted} = E{[{f [n (t) + n(t) | s(t) dt i 
it 


= ‘No 2 agree ee = , 
la OO 6G 1 =01 34) 
a: 


I 


Where we have assumed that n,(t) and nt) are uncorrelated zero mean rand@m 


Process ec 


{G. (g.) = probability density function of G conditioned on s(t) being 


transniutted, i=0,1 
SO that 


tere =  Pf{decide s(t) transnutted; Sq(t) Was transmitted} Pp 


ie eciae S(t) transmitted’s,(t) was transmitted} Py 


oO i 
= Dy J fg. (89) demienpy. | fg, (g)) dg, 
y -D 


(the subscript s denotes that receiver is suboptimum for the noise model used), and 


from Equations (3.2) - (3.4) 


Py Py 
Pes = erfe [ (y-m) J 2 6G] + —— erf[ (y- myv2¢6c) Ga 


2 


Comparison of Equation 1.1 with Equation 3.5 1s best achieved if we assume equal 
decision costs and equal prior probabilities pg and p,, so that y = 0 (Under these 


assumptions ho = | which results in y becoming 0). Thus from Equations (1.1) - (1.4) 


P. = erfe[ VE(I - p)2N,] (3.0) 


(note that E(1 - p ) 2 0) and from Equation 3.5 


Pas = erfe( mV 2 5G). 
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From Equation 3.2 and Equation 3.4 we obtain 











fr | a x 
l= | fs dt Po [Se fst) dt + § Q()s,7(t) dt] 
SG” 2 2 ; 
T il if 
*(t) dt 
me p), I ab) . 
in NgE( = p) + Q(t)s,7(t) dt 


als 


and therefore 


Pe s peice, ECL capa ©) 2 | (on) 


where 


Oe fe Ons aydey | N,EQ-p) > f Q(t)s.7(t) dt J. (3.8) 
i i 


Observe that C é€ [0,1] and therefore is the factor that causes an increase in probability 

crror due to the presence of n. j(t). Tite n,(t ) were not present, then Q(t) = 0-7 C= 
QO and Equation 3.7 would Pcie aeaten EGue ciation o.05.9litis we can study the 
performance degradation of the receiver by either evaluating P. : or by evaluating C. 
as its size will dictate the increase in Pas: Nor ceuld Oe ecomthen © > and), . 
=> {2 as expected. It is worthwhile noting that if the nonstationary interference 


become (white) stationary so as to simplv have the effect of raising the AWGN level. 





then, with q(t) = K (a constant), from Equation 3.8 
m AS 
K? f s,°(t) dt etter 
ae IT 7 a (3.9) 
*o ficne (dt + Ks, *(t) dt 1+ K?,—2 
2 79 2 


Since the interference source will typically be an intentional jammer (in this case the 


: ee : : : mie - . 
jammer lacks sophistication), we can think of the K~. (Np 2) ratio as 


K? K°E E kK? 


2 EX): 











) = (signal to noise ratio)jammer to signal ratio) 





E(1 - p) | , 3.10) 
aN, | ee dSReoNe | 


and 
C = JSR«SNRAGL + ISR Se 
where 


SNR = E.(Nj'2) 


JSR = K--E. 


We see that a large JSR value is required for the system to become useless as a 
receiver (namely P, . — 12). It therefore appears that a jammer can use its available 
power more efficiently by not spreading its power over large bandwidths. 
Consequently, jammer waveforms other than broadband noise power will be 
investigated in Chapter V. Note furthermore that an increasing value of No in order to 
prevent JSR°SNR from getting too large is self defeating because as revealed by 
Equation 3.10, with JSR constant, laa 24S NG ae 

The derived equation for Eee will be used in the sequel to analvze specific 
modulation schemes and choices of nonstationary waveform q(t). It will be 
demonstrated that by proper choice of q(t), the receiver of Figure 1.1 can be rendered 


ineffective without the use of a great deal of janumer power. 
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IV. RECEIVER PERFORMANCE ANALYSIS WITH INTERFERENCE 
STATIONARIZATION 


4 


The optimum receiver for processing r(t) (with r(t) as given in Equation 3.1) is 
easily deternuned by realizing that the nonstationary interference can be stationarized 


by use of the (time-varving) svstem depicted in Figure 4.1 





Figure 4.1 Structure for Stationarization. 


That is, with 
Gt | aeees.(t) ttt (t) + n,(t) i= 0,1 


Where n.(t) and n,(t) are described in the discussion following Equation 3.1, the output 


of the linear system depicted in Figure 4.1 is 


r(t) = s. (t) em (t) i= 0,1 
where 
St 

s(t) = ee i= 0,1 

N\ 

eat) Z 

/ - ee a() 
eee: tl at) | 

ee (4.1) 


ye q 


Eo 


Evaluating now the autocorrelation funetion of mii)aserce im 


[ny At) te Ogee 1 Ce 
E{n (ta (t)}) = E( ————————-—______——_ } 


Sy a 
Os 2 a) 2 
ae ; tae) 


Ke Oe ee ie (3) 








= 2 eee eee (2) 
No a No 4 
= Pee wemmameg o (5) 


Where the uncorrelatedness of n,(t) and n{t) has been used in Equation 4.2. From 


Equation 2.) we @ibiam 


‘ , 
—# 6(t - t) + 7(t)8(t - F) 


Ro (0) = = 5-1) 


EX a iN , 
n+ q*(t) aoa + grt) 


J 2 Z 





and clearly, the output of the hnear time varying svstem consists of a known signal 
s(t), 1=0,1. in AWGN of unit PSD level. The optimum receiver for deciding whether 
Ss, {t) or s, (t) was received in AWGN of umit PSD level is given by the recenemiam 


Figure 1.1, swith 1t) repinced py 5 1 s(t) replaced by 
Se = oe Sy (t) 


the bias term given by 





a. 
5 Fis) (be saul 
al 
and 
esr nah 


20) 


The structure of this optimum receiver is shown in Figure 4.2. 


t | a 
\( jdt — 
i decision 


Dias 





Figure 4.2 Structure of the Optimum Receiver with Nonstationarv Interference. 


Its performance 1s given by Equation 1.1 with 
acy, 


eceplaced by © , where 








| ens Ps cree (0) eee 
= —; JL s(t) + 5] dt = J x (4.3) 

il ieee) 

p replaced by p’, where 
ll. (ts, (t) | 
= ——J[s,(t)s,(t)] dt = —— f “tt 4.4) 
p er J s(t) sy (0) ] = , (4.4 
at T = a q7(t) 


and Ny is replaced by 2 {(simce Np 2 = I im this case). “Assuming equal pmor 
probabilities and decision costs, we can obtain from Equation 3.6, with replacements 


indicated above, the performance of this optimum receiver, namely. 
Peg = erfel VE(I- p+ | (4.5) 


(the subscript o denotes that receiver is optimum for the model used). Since 


E(1 - p) | 





2 
fem suet 
: : d J 
Ni; Ne S 


and from Equation 4.3 and Equation 4.4 


E(1-p’) 1 ca 
? xs < 
ere oes 


a 





dt (4.6) 


iW s-clear that 
Et\l=0 ) 22s EGian) No 


so that Pg 2 P,. This means that the optimum receiver designed to operate in a 
nonstationary interference environmemt. performs worse that the optimum receiver 
designed to operate in the presence of WGN only, even thotigh the wfomaen 
stationarized the interference prior to performing the (standard) correlation operation. 
This is not surprising because the former receiver is operating at a higher level of 
interference than the latter receiver. (Observe that with q(t) — 0; Eaee Peo as 


expected). Furthermore, we must have P, goa This can be demonstrated by use 


eS 
of the Cauchy-Schwarz inequahty. Assume this last inequahty to be true. This would 


imply from Equation 3.7 and Equation 4.6 that 


| i 
i! dt 


a e 
— Get E) 


- 


l a > . Ng 5 5 
ee eae etal MY a i ee 
al i 4 


and rearranging this expression, We have 


vie 
= 


as ea N a 
Bisco et pf a ty soit) dt 
iT cE I 





which is precisely a form of the Cauchy-Schwarz inequality apphed to the inner 


product of two functions g,(t) and g,(t), where in this case 


‘\ 
2 


— 


+ q°(t)] 7 s(t) 





— 


g(t) 


S j(t) 


g.(t) 





N 5 7, 
eee cme 


- 


The unsophisticated jammer case discussed in the previous chapter, where q(t) = 


K. in this case vields from Equations (4.3) - (4.5) 















~ 
E oa (t)s)(t) 
2 s(t)s,(t 
E = — ia J _ at 
Soe K2 7 7, oe 42 
D 2 
so that 
E(I - p) 
eno = erfc| | (4.7) 


(Ny + 2K?) 


which is identical to Equation 3.10. This is again not surprising since the assumed 
conditions result in simple AWGN interference for which the receiver of Figure 1.1 is 


indeed optimum, hence the result that an ee 


ty 
(2 


V. ANALYSIS OF RECEIVER PERFORMANCES WITH EXAMPLE 
INTERFERENCE NIODELS 


The results of the two previous chapters are now used to evaluate receiver 
performance under various interference conditions for two important signaling 
schemes, namely Phase Reversal Keying (PRK) and Frequency Shift Keving (FS). 


For PRK, the transnutted signals are 


s(t) = Amsin 2nft-(-I)}AJ1-m? cos 2aft OS tS T,i=0.1 (5.1) 


where 0 = m < 1. The vector diagran: of Figure 3.1 shows that the paraniereneas 
controls the phase angle between the signals s(t) and s)(t). When m = I, the two 
signals are undistinguishable. whereas for m = 0, the angle between the signals is 180° 
and we have the famuliar Phase Shift Keying (PSK) scheme. For FSK the transnutted 


signals are 
s(t} = A sin daft 0S t= eae (3129 


We assume for simplicity that 2f-T as well as 2f£T (for i=0,1) are integers. This 


ineans that 


T/2 = E = Energy per bit i— Ol (3335) 


for both signaling schemes. Observe therefore that from Equation 1.3. p = 2niv’ - 1 for 
PRK and p = 0 for PSK. 

Several interference conditions are now analvzed for the PRK and FSK signaling 
schemes introduced. For ease of comparison, all interferences are normalized so that 
they all have equal power (see Equation 2.4). Furthermore, we assume (as a worst 
case situation) that the interferer has timing information about the receiver (that 1s. the 
interference is svnchronized to the receiver clock), and that it uses a waveform q(t) (see 


Equation 2.1) that repeats itself every T seconds. 
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Figure 5.1 Vector Diagram of Signals s,(t) and s(t). 


A. LINEAR WAVE 


We define 
a 
7 + b Nes ts cl 
q(t) = Se 4 (5.4) 
Q Geto | 


resulting in an interference generating waveform as depicted in Figure 5.2. From 


Equation 2.3 and Equation 2.4, we can obtain 


l cl € 
Q.(0) = Ta [ q(t) ]? dt = —— (ac? + 3abe + 3b*) 
0 


> 


for the average power of the nonstationary interference. 
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Foe et ee - 


general 


form 
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azQ 





Picinessse 





Several Variations of Linear Wave Interference 
as a Function of (normalized) Time. 
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|. Phase Reversal Keving 
The linear wave interference of Equation 5.4 is now used to determine the 
receiver probability of error for PRK focusing first on the performance of the receiver 


of Figure 1.1. From Equation 5.1, we obtain 


aie 2A | - m” cos 2nf t 0 


lA 
lA 
—| 


The following integral must first be evaluated in order to obtain P, ., namely 


; en 
J Q(us,-(Hdt = fF 
ale 0 


C 
= 2A°T(1 - m’) — (a*c”+ 3abe+ 3b”): 
2 


oy as) 
Fiat 2abt 
+ 








+ b*)[ 4A7°(1 - m*) cos” 2nft ] dt 


> 


io 


3(a“c" + abc ) cos 4aficT - 3abe + ae" + 3abet 3b°\2nf cT) 
Dee sabe ma (ont cl) 


3a7c~ sin dnficl Z 3(a7c” + 2abc + b*) sin dnficl 
(ac? + 3abe + 3b°)(2nf cT)? Dceee et 3b3) rio 1 
5) 
a. Performance of the Suboptimum Receiver 
From Equation 3.8 and Equation 5.5, we obtain 
JSR°SNR°¢, ; 


[ + JSR°SNR’s, 


where 





C seen) 
ow (a*c” + 3abc+ 3b-). E 





el 


3(a*c* + abc ) cos 4nficT - 3abc + 2(arc* + 3abe+ 3b°K2nfcT) 
2(a7c? + 3abe + 3b*2nf. eT)? 


ee ee ee aoe) yee 
3arc~ sin 47nf cl 3(avc~ + 2abe + b*) sin 4nf cT 


—— a ee ae = es : 
‘(ave + 3abe + ob" )(2nf cl) (aC Sa Cae eg e cet can 


This expression demonstrates that the performance of the conventional 
suboptiniuni receiver depends on the SNR as well as JSR and on the actual values of 
the parameters a, b. c, f., and T. The receiver designer has limited control of JSR. 
Clearly, as JSR — ©, C — 1 for constant SNR, and Pes — 1|;2 (see Equationgas7 ame 


the janimer is not present C = Oand P, . = P.. However, for constant JSR°’S Vigaae 


a 
receiver designer can attempt to mininuze C by proper choice of the product f.cT. For 
fixed JSR, it is apparent thate, > Oasf PT — % (for c constant). Thus C > Oas fT 
> © resulting in improved (suboptiniuni) receiver performance, namely P, . > P,. In 
practice, this means using as high a signaling frequency as possible, or choosing as long 
an observation time T as possible. 

Actual performance (in terms of probability of error) for the conventional 


receiver is obtained from Equation 3.72 Obsenve tia tor eine 


E(1 - p) Nea ae) E 4 _ : 
—— = GF (1 - n°) = SNR - C1”) (554 
~~ Me ene 


and from Equation 5.6 


on 
LP SRONE e, 
so that 
: PES - 
Peg = eric | YSNRO ieee (5.8) 


where 
@ = 11 + JSR°SNR°é). 


A plot of P, , as a function of SNR and JSR is shown in Figure 5.3 with m set to Zero 


(resulting in PSK modulation), and parameters b set to zero and c set to one. 
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Figure 5.3 Performance of the Suboptimum Receiver for PSK Modulation 
with Linear Wave Interference. 


b. Performance of the Optimum Receiver 
The previous result for P, , can be compared to the performance of the 


optimum receiver. From Equation 4.5 and Equation 4.6, we have 
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E(l-p) Ae (eine oe 1 + cos 4afTx 


See = ena = a 
2 a Sa gee (a7x? + 2abx + b*) = 
l 
oa J (1 + cos 4nf Tx) dx ] (ony 
€ 


where the change of variables x = t’T has been used in Equation 5-9. [i weslemou—m™ 
and c = | as a special case, then q(t) = at-T,O St S T, OO) a3, and JSR = 
(a- See. SO that 


E(l-p) = A*TU1-n’) 2 1 + cos dah Tx ; 
| dF, 
; Xo 0 1 + 3JSR‘SNR x? 


Let / 5JSR°SNR xX = y, then dx = dy ./3JSRS\ so thar 


yee eee 
SiGe 
ee A'T(1-mr) 1 | + cos (4nfTy VSR'SNR) 
a) ee 
: No 3ISR°SNR 0 I+y 


Which, ¢an Ge expresseduimime [Orn 


af CUO RS x 
27 ee rg find cace(l fa ea nee 
Eee = ees tan”! sj SJISRISNR a jp ee 
5 a 1+ 
2 JBISR*SNR 


(5.10) 


where the remaining integral in Equation 5.10 can only be evaluated numerically or an 
approximation can be obtained, if it is assumed that Y3JSR°SNR » I. (The derivation 
of such an approximation is presented in Appendix A). In the case of JSR = 0. then 


q(t) = O, so that directly from Equation 4.6 we have 





y > ‘ 


—_— 


Ealep | a , F me 
LS aoe en) = —— (5.11) 
oat 


Thus we obtain 


erfe[ / SNR(1-m*)2 ] ISR = 0 
is = (12) 
aero a 
eric fey SNR l= tia 20] ISR 0 
Peiere 
OUD NCO NIX 
| meecostant Ivey cio R*S\R 
ee ian! fe eS SN dy | 
te: 


/3JISR:SNR 0 ae 


hin OOS NR 


A plot of P, , asa function of SNR and JSR is shown in Figure 5.4 with m set to 
zero, and parameters DeSeimue Zerg ance Set LO One. 

Comparison of Equation 5.8 and Equation 5.12 is difficult at best because 
the parameter § can only be approximated (see Appendix A). We observe that with b 


= OQandc = 1, 


| 
_ 3 + 2(2nf.T)? 
lege JSR°-SNR:-————_—"— 
4 eink A 
If JSR is very large (with SNR fixed) and fT is allowed to become 
unbounded (in order to the suboptinitum receiver to overcome some of the jamming 


present), then 


a = 1 (1 + JSR*SNR) 


while 


Tt 
{3 Qo EEE 
af SUDO NR. 


is a close approximation, and clearly B > a. 
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Figure 5.4 Performance of the Optimum Receiver for PSK Modulation 
7 With Linear Wave imienienenec: 

For example, when JSR°SNR takes on a value of 15dB, Ba = 10, 
demonstrating the fact that Peo < Pe, (as expected). One must however note that as 
JSR increase without bound, for fixed SNR, both @ and f# tend to zero resulting in 
both receivers displaving an increasingly worse performance, namelv ae = loan = 


os 


Ud 
tr 


2. Frequency Shift Keying 


a © 


POMmeclaulone 2, we lave 


lA 
lA 
= 


ogee cos ME i jt sin mi, 1) 0) 


and we evaluate 
er 


| iH ssMod = Jan Pe eces Kee sin mi fit 2 dt 





: 
A*Tc 
=a (a*c* + 3abe + 3b7) 
2 
7 3(a-c+ab) 2cos Md) -U,)c COS TET ORES Te ZCOS Md, + G,)c 
m-c(a7c” + 3abc t+ 3b*) ()-A))° (24, ie (20,)° re G,)° 
3(a7c? +2abctb-)  2sin M(G,-A,)c 2 SEG Re 2sin MG, + Jc : 
Eecia cy + 3abe+ 3b7) C)-Cy 20, 205 “+4, 
3a° 2sin M(@,-G,)c  sin2ma,c sin2na,c 2sin n(a, + G,)e 
+ ee x 3 \3 Ee a 3 
ecaccs 340100.) (@)-Oy)” (2a, ) (205)° (4) +4) 


a Bab | y P | 7 | 2 ) 
m-c(azc” + Paes 3b-) (@,-0,)° Cons (2a,)° (@, +4) 


where eee eile i= QO. 


a. Performance of the Suboptimum Receiver 


From Equation 3.8 and Equation 5.13 we obtain 


JSR*SNR:? € Ae 
= Se (5.14) 
1 + JSR*SNR’G, 


where as before 


c 





ISR = [—(a°c*+3abc+ 3b") ] E 
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©) 


2 
(p23 


NS 
and 
e, = {1 
3(a-c tab) 2cos MC, -G,)c oon COSLMU,C = 2cos M(A, +A) )c 
Rca*c? + 3abe+ 3b") (@y-y)° (2a,)° (ary (CGea 
(arc + Paes b-) asia M(C,-G_ )c ae , SIneNAye 2sin Td, + dq )c 
JRC A-C* = gabe a abe) CL) -Cy 2d, 205 a, +, 
a 3a- 2sin TC) -G,)c pene , SINEMAyC 2sin T(4, + E_)c 
mc(a7c~ + 3abc + 3b*) (@,-G,)° (2a,)° (2dp)° (a, Cea 
. 3ab ! 2 x l : | 2 ) 
Sa ee ee a 
m-c(a*c"+3abe+ 3b") (a, -@y)* (20) ean (GOs 


In order to maximize C, € must be minimized, with the previously 


introduced restriction on @, and Gp that they be integers. For b = 0, andc = I, 


7 (Lac 
$= 5.15) 
. R-(G, + Uy)” 
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2COS iG UG COSJAU.C “EOS UC 2cos NE 
oO ce 
“ a) = 
T-(G)-Gy)o (2nG) (27¢ 


32] 
lt 
’ 

(49 
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9? 


so that nunimization of €, can be accomplished by maximizing the term in brackets in 
Equation 5.15. It appears that optimum choices for these parameters are values that 
result in @, - @ being small. Table | shows that when @, = 3,4) = I.c = land b= 
0, then €° = 0.801579349, the minimum value achievable. Thus the optimum value of 
C at fixed JSR°SNR is 


0.8016 JSR'SNR : 
C= SSS=——aaaQ_—_—_ (3.1G} 
[ + 0.S016TSRS NK 


which can be achieved with finite values of if and T, unlike the PRK scheme, where 


infinite frequency-time products are required for optimum results. 
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Actual performance (in terms of probability of error) for the conventional 


receiver is obtained from Equation 3.7. Observe that for FSK 


El =) ee 





, 2 Se (5.17) 
S Nae 
and 
| - 
PSRs ces 
so that 


are = ene ( SNR Oe } (5.18) 


Wilere 
C= Te Sine 
as a function of SNR and JSR is shown in Figure 5.5 with parameters b 


A plot of P,. 


set tO Zero. and Cc Set tov one: 


b. Performance of the Optimum Receiver 
Again, the above result for the performance of the suboptimum) pecans 
can be compared to the performance of the optimum receiver using Equation 4.5 and 
Equation 4.6. For the FSK modulation case being considered and linear wave 


interference, 


E(-p)_ 1, (. (2A cos n(f + fyit sin RFA it? 
2 IN an ~ 
0 Oe (yt + abt +b?) 


~ 





uN 
+ { [ 2A cos n(f, = [a Jt sin mf . [,)t ii dt 1, 
en} 


10 et) 


1 of 


PROBABILITY OF ERRO 
=f 10 10° 


-7 


10° 





10° 


-10 0 10 20 30 40 50 60 
SNR IN DB 


Figure 5.5 Performance of the Suboptimum Receiver for FSK Modulation 
with Linear Wave Interference. 


This expression can be put in compact form with b set to zero and c set to one as a 


special case. Some algebraic manipulations vield 


E(l-p') SNR 
ems 


2 2 


3JSR‘SNR 
— [cos (Hay + ay)x! V3ISRSNR) sin (H(ay-Gy)x VSR'SNR) P 
A a. ff CCOCCSC«NS 
3JSR‘SNR 6 ae 


(5.19) 


This equation can only be evaluated numerically for set values of the 
parameters @, and @), and changing values of JSR‘SNR. When @, = 3 and d@) = | 


(which is the optimum choice for muninuzing C and thus minimizing P, . ). Equation 


3.19 becomes 


/3JSR*SNR 
E(1-p’) 2SNR [cos (2mx’ J3ISR‘SNR) sin (tx: /3ISR*SNR) 77 ; 


2 J3ISR‘SNR eS 
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(5.20) 
If JSR = 0, then q(t) = 0. therefore E (1 -p 2a Ch ie) oa us 
Ele Ee ’ 
———_——- = - = SNR’2 (21) 
2 Nae 
No: 
so that 
eric (47 SNe) JSR = 0 
cae (524) 
erfo( /SNRepee JSR z 0 
where 
af CIS GS le 
' 4 [cos (2mv'/3JSRSNR) sin (tv J/3ISR‘SNR) Pe 
= eee 
yrtep.cnp lt+y " 
a/ SISK CS NIX 0 : 


A plot of P, , as a function of SNR and JSR is shown in Figure 5.6 with parameters b 
set to zero, and c set to one. Results of numerical evaluation of B are presented in 


Table 2 forb = Oandc = 1, and compared with the values @. 
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MicULc ome renlomnance Of Ihe oe Receiver for FSK Modulation 
with Linear Wave Interference. 


3. Comparison 
Performance comparison of the receivers for PRK and FSK with linear wave 
interference. from Equation 5.6 and Equation 5.16 shows that the parameter C for 
FSK does not grow as rapidly to | as a function of JSR°'SNR. as does C for PRK. 
Thus, the frequency diversity of FSK provides a small jamming margin over PRK. 
We note that differences between the parameters B and @ are much smaller for 
FSK than differences between the corresponding factors $f and w@ in the PRK scheme. 


Hence suboptimality is somewhat reduced in the FSK scheme. 
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as another interference generating function which can be depicted as shown in Figure 


5.7. Then from Equation 2.3 and Equation 5.23 we obtain 


| 1 ek : 
0 as J, [ q(t) }* dt 


C ‘ ~ ae + 7 ~ 
= ——[arc*+3abe+ 3b*+arc~ sinc 4f.cT + 2ac./6(abe + b~) sine 2f.cT ] 
oD 


for the average power of the nonstationary interference. Observe that whenever 2f.cT 1s 
an integer, Q.(0) above is identical to the average power of the linear wave 


interference. 
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Figure 5.7 Several Variations of Sinusoidal Wave Interference 
as a Function of (normalized) Time. 
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|. Phase Reversal Keving 
For PRK. from Equation 5.1 we obtain again 


lA 
lA 
— 


= 4 -_m- > 
(0) = 2207 Wes eocvit 0) 


Prior to obtaining receiver performance we evaluate the integral 


cl 
| Q(t)sy *(t)dt = ag q*(t) JA7(1-m7) cos” nf t dt 


C / Qe : . 
ee |-m*) a0 a”c” + 3abe + 3b" +.a7e*sinc df cT+ 2acy (abc + b=) sinc 21 ca 


0.5a*c"[ 2sinc 4f.cT + sinc 4(f-f.)cT + sine 4(f,+f)cT ] 





{le5e 
L 
a°c? +3abe +3b* +ac? sinc df cl aeeae. Cede + b*) sinc ciem 
j ac,/6(abe+ b*) [ sinc 2(f,-2F.)cT + sinc 2f,+2f)cT ] 
ac? +3abe +3b* +ac? sinc df cT +7 2adC~ Ol ADE a b) SINC zi ew 
3(abe+ b-) Singeiine 
+ - }. 
; : ; [gy Oe eee 
ac? +3abe +3b* +a7c? sinc 4focT + 2acy OlabC 4. b-) sinc at cl 
(5.24) 
where 
sin 1X 
sinc (X) = ; 
UX 
a. Performance of the Suboptimum Receiver 
From Equation 3.8 and Equation 5.23, we obtain 
JSRESNINO pene 
ea ee (S25) 


| + JSR‘SNR‘e, 


where 


C 3 ae 
=| a-c* + 3abc+ 3b" + a°c* sinc df.cT + 2acy 6(abe + b-) sinc ai (el l 





JSR = 
E 
SNR = — = 
Ng 2 
and 
0.5a°c| Osinceie eresine 4 haricl + sine s(t +f )cT | 
—— a + r Cat ‘ c 


ac” +3abe + 3b? +a°c? sinc dfcT + 2ac./6(abe + b*) sinc AV 


acy Olabc + b*) { sinc i ca apes IFC 2\ fet | 
ac” +3abe +3b* +a*c? sinc df.cT + 2ac/6(abe+ b~) sinc ecu) 


Stawese b~) sinc dicT 


+ ee eee 
ac? +3abe +3b* +a°c? sinc df.cT + 2ac/6(abe + b~) sinc eal 


For the special case in which b = QO andc = 1, then ©, = | forf, #f and 
= [x>. fOr i = i thus we have 
Som Rel ep IS A SN) iff. 2 f, 
SS ReoN ete a 3ISR-S NR) ee. 


It is apparent that C is largest when f, = f for fixed JSR°SNR. This means (as could 
be expected) that the jammer is most damaging to the receiver when it operates at the 
signal frequency, and furthermore there is nothing the suboptimum receiver can do (in 
terms of choosing longer integration times for instance) in order to reduce januming 


effects, other than to switch to a new frequency of operation. 
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‘Actual receiver performance is obtained from Equation 3.7. Observe that 
for PRK 
r 
eval os p) Sa 


NS N 





Ceee i eo eee es (5.27) 
0 


and 
lL C =3l Cl JSR*SNR‘€,) 


SO that 


Po. = erfe[ /SNR(I - nv je 2 | (5.28) 


where 
a= 1(1 + JSR*SNR*€,). 


A plot of P, . as a function of SNR and JSR is shown in Figure 5.8 with m set to Zero, 
f. = f, and the parameters b set to Zero, and ¢ set to one. 
b. Performance of the Optimum Receiver 
Again, We compare previous result with the performance of the optimum 


receiver using Equation 4.5 and Equation 4.6. We obtain 








E(1- 9p’) ! 4A“(1-m1°) cos” 2nft 
and f — dt 
” “\o TO 1+ q(ty—2 
2 
l cl 4Ar( 1-m") cos” 2nft 
= i ea 
2S a oe P 222 ; No 
L Lal ce Leos 4nf.t)t+abe+ b- + a “(abce+ Ds ncos ont.t a 
» 2 
a 
+ § [4A°(1- m°*) cos? 2nft J dt }. 
cL 


-4 


10° +10 


OF ERROR, 
10° 10° 10 


BABILITY 
! 


_, PRO 
10 10 


10 





10° 


~10 0 10 80 30 40 50 60 
SNR IN DB 


Figure 5.8 Performance of the oes Receiver for PSK Modulation 
with Sinusoidal Wave Interterence. 


If we assume that b = 0 and c =1 as a special case, then q(t) = ~/2a7/3 cos rae 
Q.(0) = a°/3, and JSR = (a7/3)/E so that 
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In order to evaluate the integral in closed form, we use the tabulated integral 
[Ref. 3: pp. 107-122], 
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The integral in Equation 5.29 can be put in the form 
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In order to obtain a closed form expression for this integral, we assume 
that q 1s an integer (The most interesting case is q = I. so the restriction is not too 
unreasonable). With this assumption, the integrand is periodic of period 27, and since 


dnft.T = 2m-2f 1 and 2f,T is assumed to be an integer, say 2f.T = n, then 
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where 


eae egg Polke SNK 


Cee ois Nh eee le ORS VR) 1 + 2JISR°SNR 
If JSR = O then q(t) = 0, so that directly from Equation 4.6 we have 
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Thus we obtain probability of error for the optinium receiver, namely 


erfe[ “ SNR(1 - m2):2 ] JS = 6 


Sa 
erfc { “SNR(1 - m*)v:2 ] TSR Ze 


Where v is defined following Equation 5.31 A plot of Pog as a function of SNR and 
Jes shown in Figure 5.9 with m set to zero, and the paramieters b set to zero, with c 
set to one. 

If we compare the parameters v and @ when f= f, (1e., q = 1), where b 
= Q.andc = 1, we find that 


yi [eae leeaae co Sings ok 
LSS h = C">7. 


rm yo ee ee loko Nn) cr (lot JSR“SNR) Vi + 2JISR*SNR 


(5.34) 
Observe that this inequality becomes stronger as JSR increases with 
constant SNR. For instance at a JSR°SNR of 15dB, the two sides differ by a factor of 
1.34, and at a JSR°SNR of 25dB, the factor becomes 1.44. Nevertheless, both sides of 
the inequality tend to zero as JSR — %, implying both P, . and Peo =) under 
that conditions. The optimum receiver has a definite “advantage” over suboptimum 
receiver for high JSR . however this “advantage” has a limit as v.@ —@ LasJSR 7 ® 


in Equation 5.34. 


47 


id 






~6 =§ ) RROR ~2 -1 
10 10 10 10 10 10 


PROBABILITY OF E 


10” 


20 30 60 
SNR IN DB 


Figure 5.9 Performance of the Optimum Receiver for PSK Modulation 
with Sinusoidal Wave Interference. 
2. Frequency Shift Keying 
The above result for the performance of the suboptimum receiver can be 
compared to the performance of the optimum receiver using Equation 4.5 and 


Equation 4.6. For the FSK, from Equation sig se fave 


lA 
lA 
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Sy(t) = 2A cos T(t, pal )e Sree 0 


4§ 


and first evaluate 
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(575) 
Poteet = f,+f, and f, = [, - fp. 
a. Performance of the Suboptimum Receiver 
From Equation 3.8 we obtain 
JSRESN Roc : 
SO (50) 
lL + JSR°SNR°ES 
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where 
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Note that C in Equation 5.36 can be mininuzed by setting € to its smallest 
possible value. Since with b = Oandc = | € equals 15 fort = [f2) 05 torte 
{, 2. and 0.75 for f, = f or f, = ff). it is apparent that the jammer is least damaging 
When f. is set to (f, - f)):2, and most damaging when f, = (f, + f£,) 2. the midpoint of 
the two operating frequencies. From Equation 3.7, We obtain actual receiver 


performance. Observe that for FSK 





- = (5255) 
No : 
so that 
ee a CRC 4/ SN Ree) (0)) 


Where @ = 1i(1 + JSR°SNR‘e.’). A plot of P, , as a function of SNR and JSR is 


shown in Figure 5.10 with ora 34, and the parameters b set to zero, and c set to one. 
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Figure 5.10 Performance of the Suboptimum Receiver for FSK Modulation 
with Sinusoidal Wave Interference. 


oil 


b. Performance of the Optimum Recetver 
The result of Equation 5.39 can once again be compared to the 


performance of the corresponding optimum receiver using Equation 4.5 and Equation 
4.6.We thus obtain 


pale a cl [2A cos a(f, + f)t sin mf -G)t P 
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Where as before QW = JSR°SNR‘(L + JSR°SNR), and 2f.T 1s assumed to be an integer, 
say 2f.T = n. The integral of Equation 5.40 must be evaluated numerically or it can be 
approximated under certain circumstances. (The derivation of such an approximation 1s 


presented in Appendix B ). If JSR = 0, q(t) = 0, then 


E (eine SNR 
= (5.41) 


n_ 


so that the actual receiver performance 1s obtained from 


etic ( / SNR JSR = 0 


Om (5.42) 


erfc( /SNRB4 ) ISRz 0 
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A plot of P, , as a function of SNR and JSR is shown in Figure 5.11 with parameters 


b set to zero, and c set to one. 
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Ricure sai etionnance Ol the Ceca Receiver for FSK Modulation 
with Sinusoidal Wave Interference. 
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U2 


It is not difficult to show that for f, = f. 2 and c = I 1s always exceeded 


by B. However, for increasing JSR°SNR, the ratio B a@ — 1.5. 


5. Comparison 
Again, it becomes apparent that interference effects for FSK are not as severe 
as for PRK as the differences in performance between the optinum and suboptimum 
receiver for the former modulation scheme are not as large as those the latter 


modulation scheme. 


Cy PULSED WAVE 
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as vet another form of an interference generating function where € = 0,1, .....p-1, pl, 
=— ¢l. and0-s 7c = a. 
In this example, q(t) is being pulsed many times between two levels in the 


interval QO S ¢t & cl as shown in Figure > i2)fromeecquancn 
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for the average power of the nonstationary interference. 
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Figure 5.12 Several Variations of Pulsed Wave Interference 
as a Function of (normalized) Time. 


Car 
Ca 


1. Phase Reversal Keying 


The following integral must first be evaluated in order to obtain Po 5: Dalia 


oily 
J qr(t)[ 4A°(1 - m’) cos* 2nft ] dt 
() 


f Q(t) s,7(t) dt 
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me -| j a 
Tater [sin daficT + 2sin 2nfcT tan’ (atfcT’p)]} (5.44) 


(See Appendix C for the pertinent derivations). 


a. Performance of the Supoptimum Receiver 
The pulsed wave interference of Equation 5.43 is now used to determine the 
receiver probability of error for PRK focusing first on the performance of the receiver 


of Figure 1.1. From Equation 3.8 and Equation 5.44, we obtain 
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Actual receiver performance (in terms of probability of error) for the conventional 


receiver is obtained froni Equation 3.7. Observe that for PRK, 
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= [ x (1-m*) = SNR(I - nx) (5.46) 
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ee 
| + JSR‘SNR‘€, 
so that 


P., = erfe| JSNR(L - m*)a, 2 } (5.47) 


mnere 
g— l(b + JSR°SNR’E ). 
A plot of P, , as a function of SNR and JSR is shown in Figure 5.13 with m set to 


Bonomeatid the Patanieters b Set to Zero, and c Set to one. 


b. Performance of the Optimum Receiver 
The previous result for P, , can be compared to the performance of the 


corresponding optimum receiver. From Equation 4.5 and Equation 4.6, we obtain 
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Figure 5.13 Performance of the Suboptimum Receiver of PSK Modulation 
with the Pulsed Wave Interference. 


In the case of JSR = 0, q(t) = 0, so that directly from Equation 4.6 we have 


E( Pp), ae 


oe El is p) 2 4 e 
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so that 
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A plot of P, 4 as a function of SNR and JSR is shown in Figure 5.14 with m set to 
Bene, and parameters b set to zero. with c set to one. 
From previous results we observe that P, , = P.. as 


l Iain) SINC OPIN 


aq = ——__— « = 5 
ee ONG Ss NIN eS Re Sis 


Maere © — | has been used in the above expression for @. Note that the above 
inequality becomes stronger as JSR°SNR increases. 


2. Frequency Shift Keying 
In order to obtain P,, for FSK modulation, the following integral miust 


evaluated, namely 
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Figure 5.14 Performance of the Optimum Receiver for PSK Modulation 
with Pulsed Wave [nterference. 


All integrals of cosine terms in the previous expression are of the form 
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(See Appendix D for the pertinent derivations). Therefore 
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a. Performance of the Suboptimum Receiver 


From Equation 3.8 and Equation 5.51, we obtain 
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Actual receiver performance (in terms of probability of error) is obtained from 


Equation 3.7. Observe for FSK modulation 
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A plot of P. 


b set to zero, and c set to one. 


tS 
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, as a function of SNR and JSR is shown in Figure 5.15 with parameters 
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Figure 5.15 Performance of the Suboptimum Receiver for FSK Modulation 
with Pulsed Wave Interference. 


b. Performance of the Optimum Receiver 
The above result for the probability of error of the suboptimum receiver 
can be compared to the performance of the optimum receiver using Equation 4.5 and 
Equation 4.6. For the FSK modulation, the optimum receiver performance is obtained 


by first evaluating 
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so that the actual performance being obtained from 


erfc( Y SNR 4) JSR = 0 


erfc( /SNRB 4) ISR z 0 


where 


| SeISReoN 
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A plot of P, , as a function of SNR and JSR is shown in Figure 5.16 with parameters 


b set to zero, and c set to one. 


3. Comparison 
We observe here identical results on suboptimalitv for FSK as for PRK. That 
is, since @ and $ are similar in form for both modulation schemes, we find here that 
FSK modulation is no less susceptible to jamming than PSK modulation when using a 


suboptimum receiver to process the signal, the noise, and the jamming. 
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Figure 5.16 Performance of the Optimum Receiver for FSK Modulation 
with Pulsed Wave Interference. 
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Vie CONCEUSIONS 


In this thesis general results have been obtained for the performance of optimum 
and suboptimum (conditional) digital communication receivers operating in the 
presence of (stationary) AWGN and nonstationary AWGN generated via a specific 
model. [he general results show that the suboptimum receivers have performance (1.e.. 
probability of error, P, . ) that is always inferior to that of their optimum counterparts 
(expressed also as probability of error, Pao i 

The many examples worked out in Chapter V for PRK and FSK modulation for 
different nonstationary AWGN interference clearly demonstrate the leveliamaure 
suboptimalitv of conditional receivers. Perhaps more importantly, the examples 
demonstrate the high degree of vulnerability of conventional receivers to jamming, 
having characteristics similar to the nonstationary AWGN interference a model used. 
al ine Uae plots demonstrate that without powerful jamming, that is for relatively low 
JSR values, the receivers can be rendered almost completely ineffective as (hemaeuro: 
probabilities are significantly higher than the 10°> BEP military standard. 

The optimum receivers proposed however perform significantly betta Wem 
compared to the suboptimum receivers and in fact in all cases, with sufficient SNR. are 
able to overcome the effect of jamming. It 1s important to note however that these 
receivers, in order to be optimum most have Knowledge about the nonstationary 
(jammung) interference that would normally not be available. Consequently the actual 
performance of these receivers may in practice be work worse than predicted and 


perhaps worse than the suboptimum receivers. 
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APPENDIX A 
DERIVATION OF THE APPROXIMATION TO EQ. 5.10 


From Equation 5.10 we must evaluate 
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APPENDIX B 
DERIVATION OF THE APPROANAIMATION TO EQ. 5.40 


Recall from the discussion that for the suboptimum receiver for FSK modulated 
signal, placing f. at f. 2 in the sinusoidal wave interference frequency is most damaging 
to the performance of the receiver. For this reason, f. is set to f, 2 and Equation 5.40 is 
approximated under this constraint. We obtain 
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finally obtain 





E(1-p) (Aer 2 | + p? [ cos (n+ 1)(mf, f.) | sin (nf, f.) 
——— » 7 (| -<——ae 

2 (a= 3) a o= n sin (Tf, f°) 
2 | | 2a + Dipy l= n- sin (nttf, f.) 


> 


{1 - [ cos (Oa rhea | 


2° AP We (2 aie nny f) 


6S 


or idarce. (he term 


| sin (n7f if.) 
pecan! | ) 
: ntl, f. 


thus we obtain the approximation 
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APPENDIX C 
DERIVATION OF EQUATION 5.44 


For PRK modulation with pulsed wave interference, from Equation 5.44 we 
evaluate 
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APPENDIX D 
DERIVATION OF EQUATION 5.50 


The sum term in Equation 5.50, namely 
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(=0 LSU 


[ sin tke; 2p cos (p-1)mke/2p sin nKep; 2p J/sin ake; 2p 


- [ 2sin tke. 4p sin (p-l)tke/2p sin mkep ‘2p J'sin mke'2p 
cos (p-])mtke'2p sin mke/2 - tan tke, 4p sin (p-1) Mke’2p sin mke. 2 
sin Mke,2 [cos (p-1)mke/2p - tan mke/4p sin (p-1)rke, 2p | 


sin Wke/2 [ sin Wke/2 (sin tke; 2p - tan mke/4p cos akc! 2p) 


+ cos tke'/2 (cos mkc/2p + tan mke/4p sin mkc/2p) | 
sin mke/2 (sin mke/2 tan mkce/4p + cos make 2) 


a, 7 
sin Wke/2 tan mke/4dp + 2sin mke. 


Dis OF I Be eles 


Van Trees, H, L. and Wiley, J., Detection, Estimation, and Modulation Theory. 
Chapter 4, 1968. 


Whalen, A. D., Detection of Signals in Noise, Chapter 6, Academic Press, 1971. 


Penfield, P.. Jr., “Fourier Coefficients for Power-Law Devices,” Journal of the 
Franklin Institute, pp. 107-122, February 1962. 


74 


ED ISTRIBUTION LIST 


No. Copies 


Defense Technical Information Center 2 
Cameron Station | 
Alexandria, Virginia 22304-6145 


ho 


Librarv. Code 0142 
Naval Postgraduate S 


ch 
Monterey, California 93 


ool 
943-5002 


t 


Department Chairman. Code 62 . 
Department of Electrical and Computer Engineering 
Naval Postgraduate School 

Monterey, California 93943 


C2 


Professor D. C. Bukofzer, Code 62Bh 
Department of Electrical and Computer Engineering 
Naval Postgraduate School 

Monterey, California 93943 


EGolessor Aw Vers, Code 62 V1 Vv . 2 
Department of Electrical and Computer Engineering 

Naval Postgraduate School 

Monterey, Califorma 93943 


Kim. Young Joo 5 
213- 901, Han-sin gong vung 6th Apartment 

Ban po-Dong, Gang nam-Gu 

Seoul, 130-09, Korea 


Hwang, Chun Sik I 
Departmenit of Electrical Engineering, 

Military Academy, P.O.Box 77, Gong neung-Dong 

Do bong-Gu, Seoul, 150-09, Korea 


iS 











PANN SIO LY, ULL UIPOLN LS Goo g-5bQ0R 























PO ete ee > eh ole 
i ey — hi abed deb tho? YT oY) edushe decile! 
fty a ate, ‘nF e reer I LS Toe) 4 

Td Spier COL ee eee 
ee tyr) Plaats Lay Mat rere tro? Wy hirer 






















Lay 4 PAee o8h-ds 
i ee ee 4 
de ee) ee ee 

















' oa 
a . P : 
betel ta tl a et eo r ' ; 5 n f 
] hehe D A a ST fT OA i Ore wae oe Ce er ee ry a er fi Pn : , 
oie dsp udvdend cold woekee tt ae Ot Soe ti LT ee Ca tory © See tee, orma ' AY ; a L , ad : 
) Or net pa oP) Cie tr a raya CP TET Tel mote an OrMdnce tdi Com ar ea 
ee ‘ ou ESR ANE PRES teehee | Mt fe Ft gital co MunNication rec he 
Cs Sw Ce ey ars ere rewire sy 
S  amupited —deitosap) ia tehat et a AT OF eof ane ; PiGed a hw 
e pel ain ib pedd ao nL ae f 






























: oe Se | 
2Oe PCGR SO Od 9 OO mA ae lv a4 ah cm, oe 


J A ' bf - 
a i > ' tT ‘ ‘ 
pei | Ca | | F a ear a r f y , ‘ 
i rer Coe tae ere Cay ee et a | | | aa ri Ly 5 Py - = oer 
; bed ek te ar} , eo hwo er ere ty Gr } f } ‘i Fi rl f F F Ae 

sve an oe ; eT oy Ue ies er ee | ual | 5 F B F 
be dhenid talent i. 08 MAD POR Ah Jepidt A RULE LY meet ie | cee | aod td ‘ ‘ a} LU . : 3 
Letieedel th ed bal ant tat ae Panto ad als 8 9! Hwee pine PAPC Rr eres {iI Why a} ae t s * ; P HUA fl ’ 
pub wleaprerb dv at ae i re SF AAA DELANO OL amon 14 oh dt , i | UD aL ee Fe Ee le Oe 
h-pend pdb Pea ie Pe Le a ey er ira ie Ty | rr rrr ; ] | } ya a an Be a 
Athena stink dle tll me Tet LS ale Sater Lea eat et We Ee Cr et ! 
Dad adel al ttt ey Voit wMY MET PE WAP Co. DEae ae ty a en PerSoyl ete toden Cori or wn ° s 
a to 2 AEE 00.8! SVM ALM 6 alg LARGE, 4 DORAN, tee ad 9 of ry 3 27 






























































































































































































































































































































































































rs oy 
Nal ee a Pa Ok eee ) t t 
at Lee" , 5 es 
a . r Pt . r n 4s L] | : Fr 
NREL rena R IS 000 75910 4 een Ruane + ee 
rapeintandghiinet coat nent tr tT ie ee bold wad SEM Oe ae wr rer iy 7) vert oh Gh taOidah.p H SU a ae alate A 
Lidnateah aonb hint ante ei eT) phd SUR ey tee Te an LO a rarer er vt 7 tr ir be a Oe ae ape ig . F 
anita ade Ee Fite adr err i iw re ee Ct wey patra s DUDLEY KNO , f eee . Wee 
Ele bled Dee Doser ie ly trees te ar Cr carey pe Pe PLP it ere Par yey are, A Y ad ee i ee a ae 
Priue-tpeoines Pel LL et Pe Wea eet a ene era SO tke et Ale 8 Bestdh acg kok coe ee i Y of i. ; nd A Pi 
Std prow aT TOY ee abide le Deda Dad enedte RL Mn TA CAL tes 7 Ye OO CY ae Br eer eer ee ek Bie itr 4, ia — . _— ee - } f a rn A 
Nedirebeetemes LETT Lys" tt Ta Ter ey Cree yore) al ate lchy LT OT ST YF ae a Bh ait wr eer Pell rt brane } 5 ; ) { . a? ’ ; A F 
yeas rt De RSF; bide he hi eh ey Os Petes Pte td ¥ role Vey ee ee UU vary ese bey ry ie ae a al s ae At: U baa rae! § 4 ei ‘8 7 
pret Mtl te lato Pbudepelblad—he MLL n PT) Lara eerie Ces PO rae peurey ey Sy err aes tee ar) 7) iui Ag D , Ss ee of ee et rr Le . A 
Py yey n ee Cy ae fr Tr Mg nv rie ma eta tart ey orca yrae ts OD BUM i hah be rere ee ace ta rs yo , s * P) 1 - F 
rer ree, TE Ue re eee ry ee) Oe Dy yr ea ad cle eae ee Be PTS TY Ye We ny er Bi Chee 94 . J) Oe a ee a Wo deh a : F 
wey) | eabiaduok. sos Lal FY OF Rak Tae rer a CPPS OY ORCS er ety Ye en arn bl ee ea! Mim sete 0 ee ae Mia taut, , ©, (.# . A 
TF ree ett te oe ee fafa wohiateed ee Le ee Pee heer Sy rer rw Tre er re Mea are ey LY UL a eee) 4 hE coe poe of ME ; , 5 
Ledahaaiv inde et Deke Sy SU MAE AT id OR) Higby d tel Sh 08 oh BAB d Cali Ce trod id A TR UANE BH vache TL] ta 4 ee ee . ‘ ¢ a Py . ' 
A didahe ele? MRT Uy wee or) 4S Ooi - > ed mdks Met Poe yy ey er eee ae rf Ch? a tr ar & oa «5 A A eR ‘any, hie A i tay ae F 
ke ee oe Pr) Pet yy eer ty a4 EPSRC CNT eee ey er jrtrinwae a CODENOLE daw h a ey foe. Ve a ee is wy Ps : ‘ 
vi ad oh edad ony Ls LL Aly wore Ww rw erent re Tt ae) eae eee | SISter Tul) i ie) ove Ue eee ae ae re er | go @ i ee fe ste Ce ye Rtors t a ee | tl ' ; 
Fis die dd tte a Hitet ordain) vty) Pe are ve Roftsatseh el oS aohef 2 waged p14 beet Sioa cel et cot IT) i Pe ea 2 AC Bsc ae A es 2 eh sid , M ‘ 
Teal et hk St EA PPOT ey » Ww Ph tds WAN bee Actad me #6506 iE Bet ne ehel blade, ae Ve Pains Te cot MU a Oe SE re UL ae ee a Se Aig ergy hot 4 ia Ph | 4% gia e 5 
Chott. TT) Me)  eepee tun SLT Lea) ary Lo ie we YY eer Cen Bey) TS 7 | Ce we ars AF Aaah sep 99H ol 6 4 mae | A oY ee ie es ra ’ a ee c U f U LS ad J A 
Pade red agen eK LT TR Pe wi rer) our te erie Wey py eretie Wrer Rad OPER 1h 4 Renew bad Saeed nt Sst eee feces ay Trae rweayae’ n ar i ar | 4 , | oe Ue ra ‘ ne A A 
sd eelonay pin amy Ape o TTT ee TEIN ann te eo Py a ve eS bi ahd os LN id ee ee RO YP OF aay Gat Sok | tober ¢ 4 4 PHO re WS: - 
ee a ee Crit ao or ¢ ROS er fy rr a Ww a a Cat > le eee Le Paar a eae | a ae ae ae er aa) © ft dof Peay tT ry ae Ul i Ce oe eve ee i a ro egies | i) f ! é ‘ 
Let ea oe eda Mle) oS ie ee BOS FPA S 8 of 0b op alg: Fane ee onlay O18 a4 Ore gk peat a ie ie CP SRS ee oe eee eT) ) a ee) Fiche: | p Ce eer ev ee . , ‘ ; 
rw betas Wiss d ia att BE ee) Bed WS bol te dO aged Tra tid 1 Neat Ne TT We en ON Layee Fe ASP a0T LP aT TT PTT oe tet Cae a ne cet ar es a] ha eG eae ‘ . a 
aathdud bila et Pres Tt ie a WO vo tnt coy cL Ok Oe ee ee Ce et ar eee ay Deer aL Cy eee ae Se rer are, Le CURCIN ec Sae LY ee Pee rari Vie gdivg ! ptsas to gtd os OD “4 hae | D ‘ 
D pret deed mole et 27211 ot PTT ee ee LR ee ae Te eae es a nae tory Way wees) Se La a oo oof vate MULT 1S aa rt er ef: ts Ur 2 J 
ed uciie a er rr ads EO Seats Phe Oy lO SEW De Oe dn Oat hd rary pubtee oe ek bY US U ao ea ae FAS 6 Ue Spee army gL 3) 8 os ae a p 
Pallett rel tr eee CASTE HE OF Gots 208 Bag sf sens otnd tar sder F-ithed i bie eG ALE CPL rR ry ene Oe | 7 ee ae) t Ty al) i Ra ae 2 rT a! wee: 5 f ' 
Cede beable LTPP PORT eT en PETRY SOU ew nL oY ane ge Oa es soe ar Witoheyerimies Ldek Ah tay Te wie A Pn riary Hid tA haan) AT BF il TT ; ra Lee fe 5 cy a 
Fads also see Par] YM ate) Yee tery aes UCU ea Ry eee Ce Psy aay ee ne re 4 | aes > De ie Pr RY acre Che Faery Ci] Sif bY har an Le a ee ae | Fo “ge a r ee ee 
pela De a OTe es ie Per et Pan i 2a yt ae a ee Pato pets enyne rere ly Bre MOF det eel f wipe ake rv} a ran oar 1 a5 as re ee ST a Ra p art ar Oe a] 
Sp eemea att Seah He aS rd ott HG SE abi chad ob oh abd uibond- Leen "e@es t oBoRei nd peas fF Fal it ra any 20, t + a Fl i a ihe’ Poets a ee) 1 rue é a t U ; ? 
ceil a eats eda al Ot ed CT LT Pre ee WR Seer Te ete ee ye rr ro eee Un SLY Le at Le O ie 3) aa Oe ron en rw i) ee a ea ee Ce a er ea Y : 
Co BW Oi Oat 490 Monod Le EO air oer) Eat rs yh ORES Cay Tae Por Pe ay Laide bok eo ve EE ae eat Brit Ween? eee CST a ee ie tere eal , 1 - f : 
ee eee ee Pere ehgee te rysake 2 OP yaa Pea: COS ee ey ae ee ae ee | EI) ete ed y ei eee a La ee ee eee oe PU Mrs oh ee JA E , 
Adaltdhl eT) Pal ie id OM hob Oh © anpessO fos far et ee a ae ee Heer ee irae f' as ‘8 be Pa ; ? 
adult Dal re % ry SCN See ey er eee PoBhe O96 Hohe Wresten shih 6 dot emit FP nret set eb 1 ‘ana J f A 
hedge od nt LT a ae Cy ee AOL Bot A Oennh «2 Si hae wo ore thee 73% a Lee MT he ere Se oe Oh ELT eat dd nL) t] whe 5 5 os 
ribadett ahh te TT Ceo t yo, AA a ey a keh ae er F amie dt Lose Lb $28 8 Resting LIE ae Ly 89. Pi ene F 
badd ne ree it r ee et oy Ody Se eee ey Wg A Deady TUL Se LT Pe PY a ett Pe ee eee 
ie) ee CE Sire ee eens ak Le aU ey rary at ed Oe Pars ae oa. vr ee eT ee ey P si ool 
Fi AOD OGM bof aU ad Pe@'h' musnetectssht Age M16 by, uPrbet® : 5 PO sg meh gs Fis dene F 8 ’ 
egtbppatieds ich ak Lg tt at Dee , YT Eee FERRI VME aoe oe ees | cer Le tt eit Ce en ey ae a eer a a Ls) ee 
ehnihn seesiiehh ALL TL ess be gL ate ES Pr ee ere le OLE a ae Of Oe eee Pe SL Uy cr ee Pe re aa tt Ja We 
a eet te Ma LY Li a) Lt ee ey heed weirs tr Aton oer oe Cae rk oF ret oY ie a Pa Cy TU Sr a oP ern Fy Aas La ~ 
FA PoP. COMA 001 LOOT wt al eee ahat att eee ot Pre Breas eT) PT Le art eae eee Be | ' ri pee SMe i P 
red Sib ott Frere Moh Po NMR Org ane duis FP. 0 Ce ee | , Tha at eae Loe pe cae 7 
OT ee oP ares Serer Prt Oe A ahd ot at YMA TS eae etiy RS LE eT eS Oe er Wales : 
il appl Eun at ee i Urs as ae oc hae ee Ley ee a 5 ; : 
dibaticbiedl ad deni) DO ha ot ee at Ont rt Ret keke iat ar ee are Ye at PEEVE A Sw 6 err : i Sl 
ar bE We PEPSI a Ey eee Ol Ce ee cre a Pe Ta ey PS J ; 
oe feo dieras DAW ob 090: 608 8's lapel be ww akbd URES ae Cera Le re ae ee Lett ie ty ee ee y ee ae eae 
ry ree or ; te eh Seer ee a ) Peg hea evade piers sch ow tag od rp bt kee be Or - Laer ~ 
itp bmepante cae Ul) St a ee ML Pe Ie Wah ALES EY TRAP STAN TY CeO BF ok , ry ey er ete ‘ ‘i F 
Fobot-ubumdpla oh aa a TTT hh wera a Ladd et Le ELT BY ae La eee nie i Pe ET ay ek ea ae oh 
shursPeAsmodntes te pcore i a ee ee ae ee ey Tr Ue eres wey rae pe nr CP Sree ar ae ere pie TL De ect ot A 
liber Peded Aol aR AT ee Pe Lt ene 2) ere | Saree HARE EEO ys 8 o%e Pr SAR ep wee ay ' Pe aa IF 
Dieab tits Se ee EN Ce PIN ie tek Ik OOTY aT ee Tr | yds erence OY at ety RCP Y dc : 
ms Nhe ee Lael A Ce ee oe ee ie ee , acolo ert eld hadi cia Cae Me eet Se Tyee Lea ee 205 . ¥ 
OT et Perr PR a ae eT a ee rae f9 yd ee Ty £8 vy Ph ced abs eae ce OMT It Ce Lye ee ee ar ier ee ] i te 5 - 
ped ot er vy ae ere Wee ce a ar Ps f Cee OF BALE 00d \K Er hieat aks iedeat dhol A rl eae ee A be er ara ; i ‘ 
er ent se ey ati 10609 of yao ro a os LE ST oe ee | : ; eC ee “TA Doel aot wk Oe ae 
eae en are eee tie Polder ° : ery at ‘ ‘ : " F 
BM Melt bos wee es ye ot ry ay Poth Aly aby Pete ee eee Re ry rs ol La Ue , 
eth PML) kt PP eS Fie sea Y ps Mee oe 9\e Pele ame be obs ters, & eRe , n 
Tt a Ee a ATG uw Py Reis TTT SLY Re py: : Tg 
ed) Sa) ene aan th ort eta PY: CAG Ab W hea dM dgoed q 5 
ore ee Ieee 7 Pb oP 0101? Beh. F ome wy shhiats EBS ae ors ’ 4 : P , 
ree SS eee Sa Ty Pe Po A SO eT Be ree oy BUF et DeSoto din pth wake : i 
ota Eee, Bal ha TE iT, Od an eb a gt Oa abe Ca te Ur ie yee eer ae ee cree Oelie Le 
gfe * m8 bee, Puls mee shen o s0 bate heed) bgt HA 8. Odi phage Pog gations gs Shieh e pepe A 
Ler) eee rT ere a is he rey vis iat a CLS aUe PY ay ee Ler pe AP ae ‘mare ; 
eae Stato Pee es LS a er eye Pea | ‘ PRLS AME eat To ery er 1 4 sar 
AT fT oT ee hid d og 5 ce ee a ry ee Bee F o6n at tah ee OY Ye ae oe eae OP H Ge ae ‘ 
deal Niel! eae eet t Ae TT a F ae eT : i ' 
My ihabe dia eed ae eee ers Che Pree rar ae mea i Le aie gaat f 
cd Arto tow ees b gh tomet ao@iecder 11H nf eee ie i . . : 
ei eed eee rT, er see | Sal ee Tbe ome id ; 
belied ol Lar ok ene bet SO ee ie CO aks re ed HY Rong iv " Cory ee er r) ere 
ee oe? ae EEE EPL Sh Ce a et tae ya) kDa CL eS Th Var Pet pene av Sartre T 2) 7 oe ET oe rly | 
Aa) Oe RSD OT ae en toe ear Ary ey ee o CE Act RP 4 BC eesti ys gh yee Ue” 
scene Laat ttt ti dea a eat Pe Tt Poe Te ae RY Lea Tote 
re Fd oe Me VoERd GP Bg de We Read AOe bigs oe i 
we ee tr Lee PY OU Pye 1 ae et Pe 





eS? Oe he | 
Fee Sb ig Ceteea det at Pee Sy EPO ae 
vie nT ria chays a ai bt if ye A 


Oe Le ee 7 
ey me td) Le ae 





oS 
A a oy or) bare 
pea alee ATS Lae 
rl oka erat ih, 
































































yey 
Cr ee ee ae he 

7 a on ar ae | : 
ma) ale eb y ot ae) Peaks ey ie Y 

Ctr aie) atthe dala) al ete oe tee 9 eo A Peed ae 

Fa ube dee a ee MOD tne Wo Le OP oF buy ete t ote ot ee ae} 
eS ee ° Se dst erie et evel a Lie be be tr La) SUS ee Mer ae ee 2 
vy. Pt Pe st ee Ce a ee aes 

7 Cf ae one 48 








A a 4 

: ek YZ Si ete ee A Py 
; ole ete ew ri A a Sar raed 
Cire a eae ee OF Pe ar aS 






A ae Ast Eo 
Pate y As 


2 
ee ee) 
CT Ara PY 




















at 
rer 















P 3 cm “wet at 

eae IEE lt eee Tate oe IN PPP ieee 
ra a ee ee Pee eae cee et ae ot eS ea a bee 
ee ore, Ope NeL 1 : TAS SANE OAs Seer eres te 
Kn pal Wet 







Apna. gtd 


teed hee. Pe ey 
aa ie Pri 
AMAL SER eK Lee 


tT Le TERT 
































































* 
fe enhes -¥ets at eo 
ek LPs x SARE Foe ay rarest Beye 
BRAN 's ates LST Is Paret ee atta tit 
ae oe Pia ee ert a SE oy ST et at a Ay 
PLU S Sa rit 


Pl fae rhe Seed 






TT bp 
oe a at ae LSS TCT) 
De a arate at east 

57 d0 8 ESOS Lik eee 
SLs Be et bl bh Catt hh va had Ly, Wie 
fat ae hal | 21038 Ce ee 


pA 
. 
















La) i 
bh tial ol os Lal 


Seti 
Toh tI PESY AOR oe 








en ars er 
i ee ot 



























Wy WO we 5a Fey. 
Loar ay RITA, 


Ae 
) 









Fy 
A A at ot Pe J 
Apter es thy 
7 raat ene Pe 271 ere 
bad Pitt Rees Bi 
3 a 

At Avia) 

Ae 

ear bl) 

a 

VN 

Bers at 

Ltn Ty 


Shel 
Acted de? at 
Teh UA eT ee 
Ai dink al bet ha nt ant TIL ae 
PLELCar wok Tel Bs PRO EP 
Bie AA athe eras De ; 
dt ac Wietie ath Th) ah ote ts S + thd alt 
Pilate Sete At ath ri ate Pd Ae . 



















































































































. 

s 

, : MATa hT SIE oa Pe TE ; 
etiesee ey ey beta PO TKS LT 9 

Tie tol ol bel a Pye ae oi 4 eee a4 

its deh Shea’ Ith. te ey 4 LF on) . 

SES ERA SAN te P 
ret te etatek tn oe ee Ww , : : ae 
% o.-trtgl bi te] Conia ores Wat dss! % a7" O30..0 %, AS 
pt bee ws Fadi Neaed a ater Led aoc) i Tarai cath th PT) vee 
We: Pll utd yi ate ten TR Stes ee aly a or Re AE 
oA bd d-dh hate bedete la) b PLS of plied hin a i UE i ee qi eae pra ae Sit 

H - ’ wa +a ‘I oP e LPL Th ee ¢, . 
petite lateral tat telemetry EURO te \ eee eaten ret oh 
tee Sh ieteka bts ke leaned Ste at Ry ei ae ne Gr tel ied Piiplhd boats ea pono oe oe Sin, we 
es Eg Tae mai pattdas ip ph Aaah Ne Fe Pee Seep ie SPs p PA 74 eda ac hat Malad 0 Oa tae ee ETD “ 
oT Fh ys a athar it! Fak Wha do acd Wh Db “BAS A pet ot ghee, He ete Ne! : Pe La eS eee A i 
b Radttrind Tl te gt te tae Hath in tatrte td tae ee 4 inteth Bible AT) PR ora Ee ‘ 
Ma te aad ote Lie bl elle ah Le Rbediled tal ty talk t14 et See, Peathe h Deo o2t pape PL 5 
-"« Tdedati tke ete More bd dehtel do Pad Pa a Sa) ile ae eRe Rt as YI “ 

be td Fa Th i bpae a! Ch aoe Ehlers ait tty id Le he ie eee af D LOR SOU POS Gd Te ge aig 7 
i Wy whe oe lle late es thd talent Dt Men ta he p 
bled phe lihelens oka Yok Th Lah lied a Loreal Saak She ete 


adie tp tht alma RP Teed 9 


Uh Medes ha ine etd tt i 
“la ’ poy rth) Cat ac ~ “bey x 
it ot aaedel, aay Sa de Matera be Se Ps bea) ee 


Wit ee 
rte 8 Were aye SF a Pel ee da wT 
















208: 3 
nd pt pth ae T A wee al Hi 
; : . died Ala Tad Pa Pa oe eT ae tr eae Shah iets tk Os eh) 

A Aim ym Cet de ae teh ate TC EY tl bh th ae CLM fell Siete Mo Ta eee wee i) ' J 
papa adetaceinny pease 5 atta Soe! Aiea Petty - rp Le, anya at Sa atl ie at he ee 4A 5 tale Reo Ree ne 
Php tat ated te "we by ded beth hte fi + ie re DPS Yee be teed : Ly 
“fa RY ty abate ted Reda bat Tat WOR brackets my Sh Mya al atleast et hey pt es 
J * 














Sate i bf it af altel rth Oui 
b Meta eth athe he a err ie to tele aoa la tele ae be 
Ly ae Ba) ey Tet yl hdb a teoh eT yh ery ee ee ie i orate Peeled A ee ery ae 
Poet tte Stes o% pal tsiatate tat! Te eri asewes 4 dere seese ey 4 iatsla ah 
Dain gs platen eac ata Lie erlet dea ata ate rh eer eee at Oates dial 
DE hata tree sen yy cate MN LEN tera il 
” (a 4 ow PL ia. o ¢ io ge ee a 
ite! Haag ear t, Sheet htety pala ay be hee Foe Dah ead aS giyias fp es 
et 4 a" Y¥ erage ta, Rectten! tle Tk OT ee he tT Ly a 
hath Se. to-day Nap nh tee ee he bet bo tattle Ry ThE ats ate teeth 
ae pelle ath Steet hie AD hie ht he) vay did in dead bial de lola ta Sr tan MOL DA Ae Sa a hee OY 
5 bs PNA NER Oey aha meee bed fas bbdlterhis ot tes i ltd oo hs tt Von wn A 
Pty Ath Lo daed aol seth a Polk ahs) yy ped Nite ta pnly te ra.e yeas e Pb Heed 5} aly | 
ere aida baa ye a) tate the ae Leth thle bt Lt, Mo TO Ree Ce ey Dri: itn leben Yi dy 
aks ae Trees Le Lahde et el eee badd Th Das ti ee PPT aT thei rath er os 21) ae ae Be &,% 
tant Se, Seditelotn ee aa et ATi td date te es Ete tn bial TWA Re tw rm Bh de Rae ¥ 
Louden de che tl a eed cba th bia dunt Tet fod Liha) DAP! ily Lae ot SP) LP Oe ee ie he 
teehee t th toe i a) bedladh MeN ade th Ld Sey 6: oe Som prete *D rertng | Lee Fatih 7) co bd Ah Beh Bd | 
hehe etith th td phn bith dhl phon) PG bows wy eIee'® Th Pha le BD 
Mplbedeetn tie ats Neola ect PRK MLA Te thd a 7s Re ae ee ek te | 
Wa gdindt Meth Nd. te tho) oe ee es Pit ht de dT Leh. Mt Lk oh CN FER, © &A Ls Ney 
Laem te hte NS, VP sf adda atic ated IP Pe 
moe Pe eer Cp 
Diath Ds Bee, te S| 
a ae ove ¥ z 
48 wt ey oy 


eS eh bss hss ht DST aL Pk ah 5 
Ae oe vd te S08 ork § TNS 
laa rtd ir: Wet Se CSL TAP SE oh 
Pa Te Ta 9 Te ok Si to $e a em tReet 
A Withee, Bebe 







cS 











ra My AA ae aol 
htt he eth) Beet Pa eee 
Fe Ta ih fh PT es to 
a Pith! hades Pie) OPeaab, « Ce} 


WE ae re: 





PS Un aie! SE AAU We/) Ye 























































YS 
Miho Pe . 


ro 









Path balla Vatide tk 
rtd rap ae Oe 
Lh the te dk a Pe ea fh Oye ye 
OV iw lee Paty perd § a foo 
} bE Dae A ted) a A ht aAD IEE Bh 
hy Rodel Medien be Ek) Le Ahi dhe i ee P| 
hae eA kh Ae | AP a To - 
, a Oe te? tn a Va Be eda 
wt) tw Lhe Ee Ps 
ple ddtedt Leta te toby Fike at wth eae at 







th Meda dele ak 2 
bbs idee Le Shh ede tee 
tated debe de like Mhde eee 
dni, Aedieda ts Lin ie) Stee bette Sad Od 
bbdmdiitdileedetn i in thd he ees A) 


halite ae bane) 
Aled Tac it tes 
eure epee} 
Malet Id he ede A ets Ba 
pdgktBied nda, th al Yi 















feat Oe oo ee hy 
bth OL Ta A Kode ced | ooas 
ACO Wee ETO R ME Tey F 67? Wr 0 
































7 tO] 
fs ‘. a yo LS halt te Re ya me tener ari Che ae eo] ay 
b To a da ee eel hee Ok al ae AB ey ee 
STON, Vert wero bie te he ot te tS Corrs, Met Tit a aA ie 3 it ‘ ip ota Ph Gaal i dood F 
pth ts Fadia Sa Reatin ALi | A a ate Me eiete Ur Aad Databs Soto Tate bert 

pence Mlekb Yh hk ll nk ee a | Be blip deed noe Oe thee AS y , 

egies arith Lara del ala aR 
. Mf : 
i tedebebatate hk} Led en 3 ish Sh etineg bak) on tele he 
sete, tel) She tl es . 


MIR ee rt tekee See eG 
hdr Ath bldiin lyf ra Aen af deli tata ts Yeh) ry 
- : Raise L 
sett Peplasia Lis Bate tar ot Ween mea oie kets vas 
U sy tao yA] ) 
’ eit sh Joo eh | 
Py ratele Mth th Spee ateeteda take Kd nt ida tatty ether th ne rere 
BRI, a . Med aids eT Tu Leta OS cite tt) ok, he aaa ey Bs ro HH) 
e ote ow weatreite hei ae by tl ta Thee TL Pete th i hand Sete ae A 
Pda Riad alan yA dag-an be Kh aa RT IT TOR rag ohh pla 
aw a Oe Ban arse shatieteies es pho lip ppt sat has) © 
hk Ddihndnaede Uae he rts tht Pele tt ah Bt ayes 


a! wd ats wo 
ad ps oan fala may lg Ldehdh te bk oh PSA Sy bite nd ded hd 
I Ul 





Ln hues toe eg 






















































































































r . 
ye he Bo x j oa t iM a Pa ry} 
fb Dtigteletéy ate x ein het aaa hte dhe tha Sr a Wet ieets yetor tian Lr ti Ay a ee 
ty ote) aadadet np ae 0 °O OBO SM Hh ee eg che peti awd: t rs 4 r hada A Bee ne Fh el 
ree A ade oT Wat A Re an te Arwhe ¥ th Oe he te es (a dee Ld By tL * 
Saal TaN, aa le Ae Mel Tekate tg MUST RO 5 CRT nA Die on dts OL a Oe Pe eee t 
Wrievwws be ie, Side ha te an hee ee higtedida L O aan ot ot As ee ea. pa 
spe plea): TA dante sha 4 RA in te hey aie oR oe le ee 
edie th Lhe oe Oh * a x2 othe bs da sh ag tel el hee at Then 
at Se Ore Ue -G Byre puns det eb, Lh Far Urey 
Ch ae ee fin Ab Ad Je Ted Th aa eae te Ul Abadia! nol 14 Peet, 1h 5a he 
Y mb cig leondy, ‘ kab lfied Rath. toss ree tm Phe peta laf a sa We ae | 
ty De at ee x A a oe Ee RC: ore gta bee aa ad 
+ chad led Le) 5 . . kk [eon ta ke De tt WR GW IN tI ee Ore ar 
Bot ey Milind Ne a Ze) ey 5 A : bSsisd WUD TA MEA ue CR a RIT rer pees TEC WV Siete | 
behind, Made tn te DAT Seth at es a hie e te Dt) oe Me Ok me TE Bel po Bt Ste 
tetra, to) (4 5 i " EPR —-p 6.0.94. B10 ure bet OO whee! a " ‘4 
fe aaa Niger hp a ak Ot . C lathes MPa TUL ean EL, LM ds Pode Md hol et oneretre WE web» | 
Mit ih hiedheah bh ere 7 oh 4) “ MTS So ah ahd da eed Sh eke ee eee Tora te eed Be ¥ 
Pe lated la Dh Taga Sul be Seed odin ht te BY) ¢ x : ; ; i Pee! y nah dale Dede, ae Chae hia ek er) Ng Soe ah 
Fr wy : lap ' én v 
hpbadatte ke latin he tate eh) bY ee senate a 
pith deta Moth Lk Re} 
A Seskonp take tase he} 








@-O-Craleveswiwe “roy 
bd aetrch ht inte Hed 4 ~ A 
by bed Le cae oe 

SO -Wlegig-e@ Oy 












V7FPUIEW Ye) 
Milan dels th Paikeate te ta 
94 UO VERN. GEE HOH Ye 
5 or, ok 














oe 
2 
4 










r 

7 (ani oo ee ke ee ke 
Mad ta | ere 
Lhe Pee oh a 
* Tr 






dod doh de tak tk 


Cae Sod 
Find’ Sim ye 
Pe RET 2 ed, 


tA On I hd 


Set 


